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Abstract
Old forests containing ancient trees are essential ecosystems for life on earth. Mechanisms that happen both deep in the 
root systems and in the highest canopies ensure the viability of our planet. Old forests fix large quantities of atmospheric 
CO2, produce oxygen, create micro-climates and irreplaceable habitats, in sharp contrast to young forests and monoculture 
forests. The current intense logging activities induce rapid, adverse effects on our ecosystems and climate. Here we review 
large old trees with a focus on ecosystem preservation, climate issues, and therapeutic potential. We found that old forests 
continue to sequester carbon and fix nitrogen. Old trees control below-ground conditions that are essential for tree regenera-
tion. Old forests create micro-climates that slow global warming and are irreplaceable habitats for many endangered spe-
cies. Old trees produce phytochemicals with many biomedical properties. Old trees also host particular fungi with untapped 
medicinal potential, including the Agarikon, Fomitopsis officinalis, which is currently being tested against the coronavirus 
disease 2019 (COVID-19). Large old trees are an important part of our combined cultural heritage, providing people with 
aesthetic, symbolic, religious, and historical cues. Bringing their numerous environmental, oceanic, ecological, therapeutic, 
and socio-cultural benefits to the fore, and learning to appreciate old trees in a holistic manner could contribute to halting 
the worldwide decline of old-growth forests.
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Introduction

Ancient trees (Fig. 1) have captured the imagination of 
humankind since time immemorial, and have become sym-
bols of health and medicine, family, and even life itself. 
As literal and figurative pillars to many ecosystems on our 

planet, trees continue to provide oxygen, wood, food, and 
medicines while purifying our air by sequestration and filtra-
tion (Beresford-Kroeger 2018). Forests also contribute to the 
ecology of our oceans by providing the necessary iron for 
the replication of Cyanophyta (Matsunaga et al. 1982; Deein 
et al. 2002; Krachler et al. 2019). It is not surprising then 
that in recent years there has been an increased interest in the 
conservation of the last stands of old-growth forests around 
the globe with more and more studies into their particular 
traits (Spies 2004). One barrier faced to the protection of old 
growth forests is the difficulty they present in defining them 
(Spies 2004; Frelich and Reich 2003). The variety found 
between species of older trees, their height, diameter, and 
lifespan, for example, is quite stark which makes the creation 
of a definition which would be transferable between spe-
cies and ecosystems very difficult (Lindenmayer and Lau-
rance 2016). This lack of clear definition also makes the 
creation of guidelines for their protection tricky and makes 
old-growth forests and their large old trees susceptible to 
unchecked logging. Due to the high quality of their wood, it 
isn’t surprising that many of the world’s largest, straightest 
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and healthiest trees have already been culled, with some, 
such as the bur oak (Quercus macrocarpa) of North America 
being reduced to an inferior retrograde status, both stunted 
and twisted (Beresford-Kroeger 2003).

Forests around the world are responsible for a large part 
of the oxygen so essential to our survival (Beresford-Kroeger 
2018; Huang et al. 2018) but old-growth forests have often 
been left out of the equally important carbon sequestration 
equation. Until recently, it was believed that they no longer 
pulled carbon out of the air but current findings have shown 
that to be untrue (Schulze et al. 2009). On top of continu-
ing to pull carbon from our atmosphere and accounting for 
at least 10% of the worlds carbon sequestration capabili-
ties (Luyssarert et al. 2008), disturbing these great stands 
of trees releases the considerable carbon stores that they 

would otherwise hold fast both in their bodies and in the soil 
beneath them. In losing old-growth forests, we would also 
lose their nitrogen-fixing capabilities. Moreover, large old 
trees have the particular ability to nurture the surrounding 
saplings; thus helping to ensure the health of the entire for-
est. This hospitality is extended to many species of endan-
gered animals for which old-growth forests create impor-
tant microclimates and ideal living conditions. Of course, 
old trees are also of great interest to human health. Apart 
from providing medicinal compounds themselves (Beres-
ford-Kroeger 2018), they are host to mushroom populations 
which hold untapped potential for future pharmaceuticals 
(Stamets 2005) such as possible COVID-19 treatments and 
new antibiotics. As already alluded to, the magnificence of 
ancient trees has been a source of inspiration to cultures 
worldwide and continues to be a deeply engrained part of 
our very identity as human beings.

Carbon sequestration

Continued carbon sequestration through growth 
and reduced respiration

With the current global average of atmospheric carbon diox-
ide measuring nearly 420 parts per million, representing a 
12% increase since the year 2000, ensuring we lower emis-
sions and increase sequestration is vital (Lindsey 2020; Ali 
and Khan 2017). With this in mind, old-growth forests con-
tinue to accumulate carbon at a much greater rate than was 
previously thought, making them important carbon sinks 
which researchers say must be factored into global climate 
models (Schulze et al. 2009). Until recently, it was assumed 
that older forests no longer absorbed carbon due to their 
slower growth rate (Schulze et al. 2009; Luyssarert et al. 
2008). With new growth only occurring in the small spaces 
left by the death and decomposition of older trees, which in 
turn release their accumulated carbon, old-growth forests 
were considered to be carbon neutral and thought of as such 
in climate models (Schulze et al. 2009). In the past decade or 
so, murmurs of disagreement over this concept have surfaced 
and individual projects have found that even very old forests 
are capable of storing carbon due to tree growth, the addi-
tion of new trees, and a decreased rate of respiration in old 
trees (Schulze et al. 2009; Dimri et al. 2017). Indeed, their 
carbon sequestering capabilities may even be greater than 
younger plantation-type forests (Yang et al. 2021). Start-
ing in the mid-1990s, global forest carbon fluxes have been 
measured using much more sophisticated means with data 
being shared between members of Fluxnet (a global network 
of ecosystem and atmospheric trace gas flux measurement 
sites) (Luyssarert et al. 2008). Using this data, a meta-anal-
ysis was produced which looked at 519 areas of temperate 

Fig. 1   The great Arborvitae, the tree of life. Note its size and girth 
when compared to the photographer, as well as the many creases and 
holes in the buttress system. These trees are ideal homes for many 
species and are only present in older trees. Apart from being an ideal 
habitat for many species, large old trees such as this one continue to 
sequester carbon while producing large amounts of beneficial aero-
sols. This particular specimen of Western redwood, Thuya plicata, 
was photographed by TJ Watt in the old-growth forests of Vancouver 
Island, British Columbia, Canada
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and boreal forests aged between 15 and 800 years old which 
concluded that carbon is still being absorbed by the world’s 
old-growth forests and these particular eco-systems account 
for about 10% of the world’s carbon sequestration capability 
(Luyssarert et al. 2008).

Unaccounted carbon storage within the soil 
of old‑growth forests

The fact that ancient trees offer much more than simply 
planks of wood and that their value is far greater while alive 
is becoming harder and harder to ignore. The old boreal 
forests are indeed vital carbon sinks that maintain billions 
if not many more tons of carbon dioxide in the phenolic acid 
of their soil. If they were to be disturbed, be made to feel 
the brunt of the axe, this would release untold amounts of 
carbon into the increasingly carbon saturated atmosphere 
(Beresford-Kroeger 2013). Adding another layer to this story 
is the fact that under the canopy of these great boreal forests, 
from Canada to China and Russia, there is a “second forest” 
consisting mainly of nitrogen-fixing lichens. These not only 
help to retain large amounts of carbon in the soil but also 
feed the migrating caribou (Rangifer tarandus, conversa-
tion with Diana Beresford-Kroeger, November 17th, 2021). 
WWF Canada has also just released a detailed report, sub-
mitted to the Global Biogeochemical Cycles, which demon-
strates that the soil organic carbon of the great boreal forests 
was widely underestimated. It also supports the carbon stor-
age capacity of large old trees from the old-growth forests 
of the Pacific Maritimes eco-zones (Sothe et al. 2021). This 
leads to the fact that trees do not only store carbon in their 
woody bodies, their extensive root systems, and their accom-
panying mycorrhizae, but they also create the right condi-
tions in the soil for it to also become an important carbon 
trap (conversation with Diana-Beresford Kroeger, November 
19th, 2021). Large amounts of carbon can also be trapped in 
the soil directly under the trunks of large old trees and within 
their buttresses, a fact ignored by many models approxi-
mating soil organic carbon (Dean et al. 2020). Indeed, it 
has been found that old-growth forests are more effective at 
holding carbon in the soil due to richer organic matter and 
their particular chemical composition (Xiong et al. 2021). 
Both carbon and nitrogen cycling have thus been found to 
be affected by the abundance and diversity of the microbes 
present in the soil (Louis et al. 2016). In one particular study 
done in subtropical China, it was found that old-growth 
forests have a lower soil organic carbon turnover rate than 
do younger forests due at least in part to decreased pH and 
higher nitrogen concentration which together slow microbial 
growth and reduce soil respiration (Xiong et al. 2021). The 
capacity for old-growth forests to trap large amounts of car-
bon even within their soil and the fact that this carbon would 

be released if the forest is disturbed must also be factored 
into any decision on whether or not to harvest these trees.

Nitrogen fixation factories

Where does the increase in nitrogen we have mentioned 
come from in areas where there seems to be little of this 
precious nutrient available such as certain old-growth 
forests of western Canada? This too can be answered by 
particularities of old-growth forest ecology. This time one 
must look up to the canopies to find particular algae, bryo-
phytes, ferns, and lichens. One specific study done in the 
Pacific North Western temperate rain forest looking at old 
growth Sitka spruce (Picea sitchensis) trees, in particu-
lar, demonstrates that most of its stand-level biological 
nitrogen fixation occurs within epiphytic bryophyte sys-
tems and lichen populations which house N-fixing cyano-
bacteria (Lindo and Whiteley 2011; Brodo et al. 2001). 
Another study, this time comparing second growth and old 
growth grand fir (Abies grandis) forests in northwestern 
Montana, showed that N-fixing foliose lichens were much 
more abundant in the older forests than in the younger, 
with certain species being completely absent from the 
newer stands of trees (Lesica et al. 1991). With many ben-
eficial mosses, lichens, and liverworts needing particular 
conditions to grow, conditions which are often specific 
to old-growth forests (Lesica et al. 1991; Malicek et al. 
2019), it is almost certain that with the loss of these old 
trees, we will also be losing many other organisms along 
with their many benefits including their nitrogen fixation 
capabilities.

Microclimates and safe havens for species 
at risk from global warming

As climate change (Han et al. 2021; Zheng et al. 2020) 
continues to affect ecosystems worldwide, finding ways 
to slow the rise in temperatures and help local fauna cope 
with these changes is becoming critical as biodiversity 
is increasingly threatened. In 2018 alone, the world was 
faced with 315 cases of climate-related natural disasters 
26 of which were incidences of extreme temperatures 
(Fawzy et al. 2020). In this context, old-growth forests, 
and their ability to create microclimates, are of great 
interest. Indeed, when compared to second-growth plan-
tation forests, old-growth forests with their denser and 
more complex biomass and higher canopies have been 
found to provide cooler microclimates (Frey et al. 2016). 
In one such study done in Oregon, USA, the difference 
between temperatures taken from comparable first growth 
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and second growth sites was as much as 2.5 °C (Frey et al. 
2016). Similar results were found in studies comparing 
temperatures in old-growth and second-growth forests in 
the UK as well as the Ukraine (Norris et al. 2011). Old-
growth forests then become an important refuge site for 
a multitude of species which are particularly sensitive 
to rises in temperature and allow them the time to adapt 
(Frey et al. 2016; Wolf et al. 2021; Betts et al. 2017). 
This ability to keep warm temperatures at bay through 
the creation of microclimates is a critical piece to miti-
gating the effects of climate change for animals, plants, 
and humans alike.

Essential habitats for endangered species.

Large old hollow-bearing trees in particular, with their 
deep craggy bark, crevices, and boles which come with 
age, also provide habitat for different plant and animal 
species which younger trees and artificial structures 
cannot replace (Lindenmayer et al. 2013; Le Roux et al. 
2018). This is true even for single or small groups of 
large old trees marooned in the landscape (Lindenmayer 
2017). The fate of one of the most critically endangered 
animals in Canada, the spotted owl (Strix occidentalis), 
is intrinsically linked to that of the old-growth forests of 
British Columbia where it makes its home. Many other 
vertebrates and vascular plant species are also at risk of 
extinction or extirpation due largely to logging activities 
in the woods of British Columbia (Yezerinac and Moola 
2006). In other old-growth forests of the Pacific North-
west, this time in the United States, the Olympic salaman-
der (Rhyacotriton olympicus), the Del Norte salamander 
(Plethodon elongatus), and the tailed frog (Ascaphidae) 
were all found to rely primarily on these particular eco-
systems for their survival (Welsh 1990). With species 
from both the top and bottom of the food chain at risk 
in the diminishing old-growth forests, the cascade effect 
on losing them forever is hard to predict but could cer-
tainly be severe. Around the world, many other species 
have suffered due to the loss of large old trees such as 
the orangutan (Ponginae) in southeast Asia and the lead-
beaters possum (Gymnobelideus leadbeateri) in south-
east Australia (Jones et al. 2017). We have already lost 
many species of both plants and animals completely due 
to the destruction of native forests which are very difficult 
and sometimes impossible to restore (Miyawaki 2004). 
This is why conserving the remaining old-growth forests 
is essential to limit the losses of yet more endangered 
plants and animals which otherwise would have nowhere 
else to go (Miyawaki 2004).

Parental figures for the next generation 
of trees

Large old trees offer superior genetics to their 
progeny

Many studies have started looking at the vast and intricate 
economic and informational network that lives below the 
forest floor (Simard et al. 2012; Van Der Heijden and Hor-
ton 2009). The root system combined with bacteria and 
mycorrhizae is indeed a busy and complex arena essential to 
the survival of each part together as a whole. Although each 
plays a role, large old trees, dubbed “mother trees” by Diana 
Beresford Kroeger, hold the knowledge and ability to ensure 
the success of their progeny as well as that of the entire for-
est (Beresford-Kroeger 2011). They are also endowed with 
the best genetics and medicinal arsenal for the benefit of all 
(Beresford-Kroeger 2011). Indeed, old-growth forests have 
been found to contain the most stress-resistant specimens 
of trees as well as trees that have best learned to deal with 
competition (Norris et al. 2011; Ammar et al. 2020). Large 
old trees also often have interesting genetic variations which 
give them the ability to survive extremes in climate and 
competition with other species (Frelich and Reich 2003). 
With the loss of this important gene pool, new generations 
will be inferior and less hardy such as the bur oak of North 
America (Quercus macrocarpa) which we have previously 
mentioned. A similar fate also befell the North-American 
white pine (Pinus strobus). Being particularly susceptible 
to the loss of genetic diversity due to logging, most white 
pine which have been planted as second-growth are stunted, 
only reaching a height of 25 m, half of what their older rela-
tives can grow to be (Frelich and Reich 2003). Retaining 
the remaining large old trees to ensure the genetic viability 
of future generations of trees is thus crucial to the survival 
of our forests.

Large old trees create the ideal soil conditions 
for the next generation to grow

Since both carbon and nitrogen-containing nutrients are 
essential, it is once again relevant to use these as markers 
to demonstrate how large old trees are contributing to their 
surroundings. It has been found that larger trees make use 
of the mycorrhizal network to send carbon to smaller trees 
which might not have as good access to sunlight (Beres-
ford-Kroeger 2011). By investigating quantities of stable 
isotopes of both carbon and nitrogen measured in the wood 
and surrounding soil of large old pines and nearby younger 
trees, a study done on the native Scots pine (Pinus sylves-
tris) forests of Great Britain also demonstrated how large 
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older trees create ideal nurseries for younger growth to 
flourish (Weber et al. 2008). It is suggested that carbon 
and nitrogen transference occurs through foliar carbon and 
nitrogen source-sink gradients or perhaps these nutrients 
move as free amino acids through the mycorrhizal network 
or maybe by a combination of these (Teste et al. 2009). It 
is clear however that seedlings have a much lower mortal-
ity rate when planted near older donor trees (Teste et al. 
2009). They also have a much faster growing rate when 
they are planted near older mother trees (Frelich and Reich 
2003). Ensuring the survival of the older and larger trees 
with the best genetics is then essential for the continuing 
success of the wider forest and will certainly be critical 
for forest restoration projects.

Medicinal powerhouses

Forest bathing and its proven therapeutic benefits

Plants certainly provide numerous benefits for the health of 
the environment but this is also true when looking at their 
medicinal potential for human health (Crini et al. 2020). In 
a previous review, we touched on “Shirin Yoku” or forest 
bathing; an ancient practice involving spending time around 
trees inhaling the particular aerosols and organic volatile com-
pounds that have many proven therapeutic properties (Li 2010; 
Roviello et al. 2021). In Japan, as in many places where this 
practice has survived through the years, this is traditionally 
done in old-growth forests as much as possible to have the 
best outcome (Beresford-Kroeger 2018; Li 2010). Of the many 
possible therapeutic uses for forest bathing, one that stands 
out in current global events is its use against COVID-19 (Dai 
et al. 2021; Ufnalska and Lichtfouse 2021; He et al. 2021; 
Khan et al. 2021). This is thanks to the benefits that biogenic 
volatile organic compounds emitted by trees can have on the 
body’s immune system and in terms of their antiviral activity 
(Roviello et al. 2021; Roviello and Roviello 2021). This dis-
ease which has resulted in the current pandemic has been the 
cause of 5,197,692 deaths worldwide as of the 25th of Novem-
ber 2021 (https://​www.​world​omete​rs.​info/​coron​avirus/). In 
order to slow the progression of the novel coronavirus SARS-
CoV-2 and to prevent new such pathogens from making their 
appearance in the future, the part that old-growth forests play 
in preserving our health must be factored into forest manage-
ment plans (Roviello et al. 2021).

Large old trees as hosts to endogenous fungi 
with high therapeutic potential

Fomitopsis officinalis as a possible treatment for COVID‑19

On top of the medicines provided directly from old 
trees (Fig. 2), there is another quiet inhabitant of ancient 

forests that shows great potential for human health. The 
Agarikon mushroom, Fomitopsis officinalis, has been used 
in countries around the world for thousands of years; its 
wide range of benefits are still being researched and are 
yet to be fully developed (Stamets 2005). The studies that 
have been done so far have reported Agarikon as having 
antibacterial, anticancer, antiviral, anti-inflammatory, and 
antituberculosis activities (Elkhateeb et al. 2019; Girometta 
2019). Unfortunately, this particular mushroom grows very 
slowly and is increasingly difficult to find which has encour-
aged its cultivation in the boreal forests (Elkhateeb 2020). 
In recent pre-clinical studies, Agarikon has been shown to 
inhibit influenza A (H1N1), cowpox, and herpes among 
other viruses (Slomski 2021). Together with the fact that 
they have many antimicrobial properties against bacteria, 
this has led to the upcoming investigation into the potential 
this mushroom might have to impede the viral replication 
of SARS-CoV-2 (Slomski 2021). Here again, large old trees 
can be a source, even if indirectly, of medicines that can help 
us in the fight against the current pandemic. As we continue 
to discover yet more benefits bestowed on the world by trees, 
it is increasingly evident that old-growth forests and ancient 
trees are of particular interest for the continued health and 
wellbeing of our planet and since they are disappearing at 
an alarming rate, should be protected at all cost.

Fomitopsis officinalis as a potential source for new 
antibiotics

The Agarikon mushroom may also have many other tricks 
up its sleeve due to certain particularities. The American 
mycologist, Dr. Paul Stamets along with Dr. Pam Kryskow 
are currently attempting to collect hundreds of strains of 
Agarikon to conduct a full genome sequencing. This mush-
room is of particular interest as it is the longest living spe-
cies of fungus on earth, at 75 years it outlives many humans, 
and it has learned to defend itself against countless strains of 
bacteria (Stamets et al. 2019). The particular phytochemicals 
which endow Agarikon with such a strong immune system 
are just one of the components that makes these mush-
rooms of interest from a medical point of view (Stamets 
et al. 2019). Much like the isolation of Penicillium chrys-
ogenum which led to penicillin, isolating the most active 
strains of Fomitopsis officinalis may produce new lifesav-
ing antibiotics (Stamets 2005). Indeed, when tested against 
other medicinal mushrooms, ethanolic extracts of Fomitopsis 
officinalis were shown to have the best antimicrobial activ-
ity against the two Gram-positive bacteria and two Gram-
negative bacteria being observed. In fact, it was the only 
mushroom tested to show activity against all four strains 
(Hleba et al. 2016). With new diseases such as COVID-19 
making their appearance and with more and more viruses 
escaping antiviral drugs, the discovery of novel bioactive 

https://www.worldometers.info/coronavirus/
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natural compounds is of particular contemporary interest 
(Frieri et al. 2017; Slomski 2021).

Bioactive compounds isolated from Agarikon (Fomitopsis 
officinalis)

The biomedical properties shown by both crude extracts and 
the compounds isolated from Fomitopsis officinalis fruiting 
bodies depend on the unique composition of its bioactive 
compounds, such as coumarins, organic acids, phenolic 
compounds, polysaccharides, and triterpenoids (Muszyn-
ska et al. 2020).

In Fig. 3 the chemical structures of some specific phy-
tochemicals found in Fomitopsis officinalis such as fomef-
ficinol A and B, and fomitopsin C and F (anticancer and anti-
viral, respectively) are shown together with those of other 
isolated compounds endowed with anti-inflammatory (eburi-
coic acid) and antimicrobial (6-chloro-phenylcoumarin, 
Fig. 3 and Table 1) properties (Muszynska et al. 2020). 
Almost extinct in Europe and Asia, specimens of Agarikon 
can still be found in the old-growth forests of both British 
Columbia and the North-Western United States (Stamets 
et al. 2019). Protecting its preferred habitat is then essential 
to its survival and, thus, to the survival of its medicinal gifts. 
Indeed, our old-growth forests should also be considered as 
great stores of untapped novel medicines that are of high 
socio-economic value, yet another valuable argument that 
they are worth more to us standing than logged (Stamets 
2005) (Fig. 4).  

Social and cultural implications 
for conservation policies

A living connection to the past

Above and beyond their many ecological benefits, large old 
trees also provide countless socio-cultural benefits which 
should not be overlooked when considering conservation 
policies (Blicharksa and Mikusinski 2014). Trees, and espe-
cially the majestic presence of older specimens, can be found 
as important features in our modern literature, art, and cin-
ematography, often being associated with kings, nobility, 
mystery, and magic. This more contemporary expression of 
our fascination with these organisms is but a small glimpse 
of the long-running and complex relationship people have 
had with old trees in cultures all over the world (Schweiger 
and Svenning 2019). With a lifespan crossing many human 
generations, old trees become a shared living memory, con-
necting people to their ancestors (Blicharksa and Mikusinski 
2013). The second oldest European script, the Ogham, was 
inspired by trees and the importance they had in the Celtic 
world (Beresford-Kroeger 2018). Each letter representing 

Fig. 2   Wild and cultivated old trees from Europe: a large old Euro-
pean oak (Quercus robur, up); a large old olive tree (Olea europaea, 
middle), and a large old fig tree (Ficus carica, down). These photo-
graphs, when compared to Fig.  1, also demonstrate the difficulty in 
defining large old trees depending on interspecies characteristics. 
Although set apart, old singular trees contain superior genetics and 
have the potential to help create the forests of the future. Photos taken 
in Papasidero, Calabria (European oak) and Castel di Sasso, Campa-
nia (olive and fig trees), South Italy (photos courtesy of the Roviello 
family)
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a different tree such as the iconic Oak which, as it ages, 
produces what the druids called uisce dubh or “black water” 
containing gallotannins which are still used today in the 
treatment of burns (Beresford-Kroeger 2019). Apart from 
the Celts, ancient indigenous cultures from every corner of 
the globe have seen trees as connections to the divine with 
the oldest trees being revered as sacred ancestors (Dafni 
2006). Our common history is then intimately connected to 
large old trees whose value transcends their more tangible 
benefits.

Sources of inspiration

The multi-faceted connection to trees has endured through-
out the ages. Indeed, modern-day indigenous healers also 
use a variety of trees in their medicinal tonics whose recipes 
have been passed down through generations. Ethnobotanist 
Nancy Turner researched the many medicinal uses of the 
barks of a total of 23 trees such as the Douglas Fir (Pseu-
dotsuga menziesii), the Madrone (Arbutus menziesii), and 
the Western Hemlock (Tsuga heterophylla) out of the old-
growth forests of Southern Vancouver Island by Saanich 
and Cowichan Coast Salish people who also rely heavily on 
the western red-cedar (Thuja plicata) for wood and fibers 
(Turner and Hebda 1990). Their relationship to these great 
trees is also a spiritual one as through their language they 
endow trees with anthropomorphic qualities (Turner et al. 
1998). Another study was conducted in British Columbia, 
this time looking at the wider values associated with the old-
growth forests by their surrounding inhabitants. The results 
found that apart from life-support values such as providing 
clean air, water, and retaining carbon, more than half of all 
respondents also declared old-growth forests as having aes-
thetic value and more than 30% felt they also held spiritual 
value (Connell et al. 2015). Interestingly, even man-made 
old-growth forests such as the Wamulin forest in China 
which was established in the fourteenth century, have been 
found to have a strong cultural significance. The belief that 
the prosperity of the forest is linked to the fortune of its 
people, one which is shared by many cultures, is what saved 
this expanse from the axe and helped with its designation as 

a nature reserve (Yang et al. 2021). It has thus been found 
that many old-growth forests and even single large old trees 
have been preserved around the world due to the cultural 
attachment the surrounding local and/or indigenous popula-
tion has felt for them (Huang et al. 2020). This kind of con-
tinuing connection and even identification with old trees has 

Fig. 3   Chemical structures of some phytochemicals isolated from 
Fomitopsis officinalis. Note how fomitopsin C and F, as well fom-
efficinol A and B were specifically identified from extracts of the 
Fomitopsis officinalis. Other isolated compounds such as eburicoic 
acid and 6-chloro-4-phenylcoumarin are endowed with anti-inflam-
matory and antimicrobial properties. Chemical use names (bold) 
with the corresponding IUPAC names: fomitopsin C 3-[(1S,3'R,4'R
,5R,7R,10S,13R,15S,17R,18R,21R)-1,3',4',6,6,10,17,21-octamethyl-
5'-oxospiro[14-oxapentacyclo[11.7.1.02,11.05,10.018,21]hen-
icos-2(11)-ene-15,2'-oxolane]-7-yl] oxy-3-oxopropanoic acid; 
fomitopsin F 3-[(1S,3'S,4'S,5R,7R, 10S,13R,15R,17R,18R,21R)-
1,3',4',6,6,10,17,21-octamethyl-5'-oxospiro[14-oxapentacy-
clo[11.7.1.02,11.05,10.018,21]henicos-2(11)-ene-15,2'-oxolane]-7-yl]
oxy-3-oxopropanoic acid; fomefficinol A (1R,2S,3'S,4'S,5S,8R,10
R,14S,17R,18R,20S)-2,8-dihydroxy-3',4',5,9,9,14,18-heptamethyls
piro[21-oxapentacyclo[12.8.0.01,17.04,13.05,10]docos-4(13)-ene-
20,5'-oxolane]-2'-one; fomefficinol B (1S,2R,3'S,4'S,5S,7R,9R,10
R,11S,13R,15S,17R,18R,21R)-7,9-dihydroxy-1,3',4',6,6,10,17,21-
octamethylspiro[14-oxapentacyclo[11.7.1.02,11.05,10.018,21]
henicosane-15,5'-oxolane]-2',20-dione; 6-chloro-4-phenylcou-
marin 6-chloro-4-phenyl-2H-chromen-2-one; eburicoic acid 
(R)-2-((3S,5R,10S,13R,14R,17R)-3-hydroxy-4,4,10,13,14-pen-
tamethyl-2,3,4,5,6,7,10,11,12,13,14,15,16,17-tetradecahydro-
1H-cyclopenta[a]phenanthren-17-yl)-6-methyl-5-methyleneheptanoic 
acid

Table 1   Main compounds from Fomitopsis officinalis with the 
respective therapeutic properties (Muszynska et al. 2020)

Compound name Therapeutic properties

fomefficinol A Anticancer
fomefficinol B Anticancer
fomitopsin C Antiviral
fomitopsin F Antiviral
eburicoic acid Anti-inflammatory
6-chloro-phenylcoumarin Antimicrobial
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certainly influenced the fact that the designation of national 
or even world heritage site has been bestowed on many old-
growth forests (Yang et al. 2021) and should factor into the 
protection of further such expanses.

Conclusion

Large old trees are organisms of great importance in the field 
of forest ecosystems as they are able to fix large quantities 
of atmosphere gases, produce oxygen and create local habi-
tats which are unique and are not comparable to younger 
stands of trees. Nevertheless, climate change and the ensuing 
frequent forest fires, as well as logging, continue to have a 
global impact on the forest’s matriarchs (Fig. 4), while newer 
specimens that could be the large old trees of the future are 
becoming rare. In this work, we analyzed the literature avail-
able on old-growth forests and large old trees and reported 
on some ecological aspects that are fundamental not only 
for the health of the environment and ecosystem preserva-
tion but also with respect to human health. We also ana-
lyzed the socio-cultural benefits of large old trees, an often 
neglected feature that could be given more emphasis when 
planning novel nature protection programs worldwide. From 
an ecological perspective, old-growth forests are important 
carbon sinks both above and below the ground and continue 
to sequester large amounts of carbon. Large old trees also 
play a major role in biological nitrogen fixation contrib-
uting to its bio-availability as shown in forests of British 
Columbia, Canada. Moreover, they provide ideal nursing 
grounds for new growth as well as controlling below-ground 

conditions essential for tree regeneration in their immedi-
ate surroundings. Stable isotopes of both carbon (13C) and 
nitrogen (15N) in the soil and litter surrounding these mother 
trees act as markers for the spatial and temporal extent of 
their below-ground beneficial effects. When looking at their 
benefits to human health, apart from their ability to filter 
the air, produce medicinal volatile organic compounds, and 
the medicinal and culinary uses of their various parts, large 
old trees have a unique cellular structure which makes them 
ideal hosts for endogenous fungi which in turn are sources 
of specific phytochemicals with therapeutic properties. Also 
important to our mental and spiritual wellbeing, old trees are 
part of our human identity and cultural heritage, presenting 
us with aesthetic, symbolic, religious, and historical cues. In 
many cultures, particularly large trees are in fact treated with 
reverence. All in all, we are convinced that looking at the 
big picture, at all the numerous benefits provided by large 
old trees in terms of environmental, oceanic, ecological, 
therapeutic, and social-cultural impacts, could contribute to 
the arrest of their worldwide decline. Indeed, never has the 
phrase “to see the wood for the trees” been more relevant. 
We have sadly fragmented trees into specific economic or 
ecological values while forgetting that they are so much 
more than the sum of their parts. Perhaps the saying should 
now be that we have failed to see the trees for the wood.

Acknowledgments  We would like to thank Conservation Photographer 
TJ Watt for graciously allowing us to use photos from his poignant 
Before and After series. (https://​www.​tjwatt.​com/)

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Ali H, Khan E (2017) Environmental chemistry in the twenty-first 
century. Environ Chem Lett 15:329–346. https://​doi.​org/​10.​1007/​
s10311-​016-​0601-3

Ammar A, Brach M, Trabelsi K et al (2020) Effects of COVID-19 
home confinement on eating behaviour and physical activity: 
results of the ECLB-COVID19 international online survey. Nutri-
ents. https://​doi.​org/​10.​3390/​nu120​61583

Beresford-Kroeger D (2003) Arboretum America, A Philosphy of the 
Forest. The University of Michigan Press

Beresford-Kroeger D (2011) The global forest. Viking Penguin, New 
York

Fig. 4   The giant stump of a recently harvested tree of life or West-
ern redwood, Thuja Plicata, and the surrounding destruction left by 
the logging industry. Note again the sheer size of these buttresses 
and the extent of the root system beneath which are able to hold large 
amounts of carbon-rich soil. Without this structure, the soil, and its 
carbon, is at risk of washing away with the increasing floods. This 
photograph was taken by TJ Watt in the old-growth forests of Van-
couver Island, British Columbia, Canada

https://www.tjwatt.com/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10311-016-0601-3
https://doi.org/10.1007/s10311-016-0601-3
https://doi.org/10.3390/nu12061583


1537Environmental Chemistry Letters (2022) 20:1529–1538	

1 3

Beresford-Kroeger D (2013) Arboretum Borealis, A lifeline of the 
planet. The University of Michigan Press

Beresford-Kroeger D (2018) The medicine of trees. In: The Ninth 
Haig Brown Memorial Lecture. Campbell River Community Arts 
Council, Campbell River, British Columbia

Beresford-Kroeger D (2019) To Speak for the Trees. Random House 
Canada

Betts MG, Phalan B, Frey SJK et al (2017) Old-growth forests buffer 
climate-sensitive bird populations from warming. Divers Distrib 
24:439–447. https://​doi.​org/​10.​1111/​ddi.​12688

Blicharksa M, Mikusinski G (2013) Old trees: cultural value. Science 
80(339):904. https://​doi.​org/​10.​1126/​scien​ce.​339.​6122.​904-b

Blicharksa M, Mikusinski G (2014) Incorporating social and cultural 
significance of large old trees in conservation policy. Conserv 
Biol. https://​doi.​org/​10.​1111/​cobi.​12341

Brodo IM, Sharnoff SD, Sharnoff S (2001) Lichens of North Amer-
ica. Yale University Press

Connell DJ, Shapiro J, Lavallee L (2015) Old-growth forests values: 
a case study of the Ancient Cedars of British Columbia. Soc 
Nat Resour. https://​doi.​org/​10.​1080/​08941​920.​2015.​10416​60

Crini G, Lichtfouse E, Chanet G, Morin-Crini N (2020) Applications of 
hemp in textiles, paper industry, insulation and building materials, 
horticulture, animal nutrition, food and beverages, nutraceuticals, 
cosmetics and hygiene, medicine, agrochemistry, energy produc-
tion and environment: a review. Environ Chem Lett 18:1451–
1476. https://​doi.​org/​10.​1007/​s10311-​020-​01029-2

Dafni A (2006) On the typology and the worship status of sacred 
trees with a special reference to the Middle East. J Ethnobiol 
Ethnomed. https://​doi.​org/​10.​1186/​1746-​4269-2-​26

Dai H, Han J, Lichtfouse E (2021) Smarter cures to combat COVID-19 
and future pathogens: a review. Environ Chem Lett 19:2759–2771. 
https://​doi.​org/​10.​1007/​s10311-​021-​01224-9

Dean C, Kirkpatrick JB, Doyle RB et al (2020) The overlooked soil 
carbon under large old trees. Geoderma. https://​doi.​org/​10.​
1016/j.​geode​rma.​2020.​114541

Deein G, Thimdee W, Matsunaga K (2002) Bioavailable colloidal 
iron in river water originated from the forest. Mar Freshw Res. 
https://​doi.​org/​10.​1071/​MF001​45

Dimri S, Baluni P, Sharma CM (2017) Biomass production and car-
bon storage potential of selected old-growth temperate forests 
in Garhwal Himalaya, India. Proc Natl Acad India Sect B Biol 
Sci 87:1327–1333. https://​doi.​org/​10.​1007/​s40011-​016-​0708-0

Elkhateeb WA (2020) What medicinal mushroom can do? Chem 
Res J 5:106–118

Elkhateeb WA, Daba GM, Elnahas MO, Thomas PW (2019) Fomi-
topsis officinalis mushroom: ancient gold mine of functional 
components and biological activities for modern medicine. 
Egypt Pharm J 18:285–289

Fawzy S, Osman AI, Doran J, Rooney DW (2020) Strategies for 
mitigation of climate change: a review. Environ Chem Lett 
18:2069–2094. https://​doi.​org/​10.​1007/​s10311-​020-​01059-w

Frelich LE, Reich PB (2003) Perspecives on development of defi-
nitions and values related to old-growth forests. Environ Rev 
11:S9–S22. https://​doi.​org/​10.​1139/​a03-​011

Frey SJK, Hadley AS, Johnson SL et al (2016) Spatial models reveal 
the microclimatic buffering capacity of old-growth forests. Sci 
Adv. https://​doi.​org/​10.​1126/​sciadv.​15013​92

Frieri M, Kumar K, Boutin A (2017) Antibiotic resistance. J Infect 
Public Health 10:369–378. https://​doi.​org/​10.​1016/j.​jiph.​2016.​
08.​007

Girometta C (2019) Antimicrobial properties of Fomitopsis offici-
nalis in the light of its bioactive metabolites: a review. Mycol-
ogy 10:32–39. https://​doi.​org/​10.​1080/​21501​203.​2018.​15366​80

Han J, Dai H, Gu Z (2021) Sandstorms and desertification in Mongolia, 
an example of future climate events: A review. Environ Chem Lett 
19(6):4063-4073. https://​doi.​org/​10.​1007/​s10311-​021-​01285-w

He S, Shao W, Han J (2021) Have artificial lighting and noise pollu-
tion caused zoonosis and the COVID-19 pandemic? A review. 
Environ Chem Lett 19(6):4021-4030. https://​doi.​org/​10.​1007/​
s10311-​021-​01291-y

Hleba L, Kompas M, Hutkova J et al (2016) Antimicrobial activity 
of crude ethanolic extracts from seom medicinal mushrooms. J 
Microbiol Biotechnol Food Sci 5:60–63

Huang J, Huang J, Liu X et al (2018) The global oxygen budget and 
its future projection. Sci Bull 63:1180–1186. https://​doi.​org/​10.​
1016/j.​scib.​2018.​07.​023

Huang L, Tian L, Zhou L et al (2020) Local cultural beliefs and 
practices promote conservation of large old trees in an ethnic 
minority region in southwestern China. Urban for Urban Green. 
https://​doi.​org/​10.​1016/j.​ufug.​2020.​126584

Jones GM, Keane JJ, Gutierrez RJ, Peery MZ (2017) Declining 
old-forest species as a legacy of large trees lost. Divers Distrib 
24:341–351. https://​doi.​org/​10.​1111/​ddi.​12682

Khan AH, Tirth V, Fawzy M, Mahmoud AED, Khan NA, Ahmed S, 
Ali SS, Akram M, Hameed L, Islam S, Das G, Roy S, Dehghani 
MH (2021) COVID-19 transmission, vulnerability, persistence 
and nanotherapy: a review. Environ Chem Lett 19(4):2773–2787. 
https://​doi.​org/​10.​1007/​s10311-​021-​01229-4

Krachler R, Krchler R, Valda A, Keppler BK (2019) Natural iron 
fertilization of the coastal ocean by “blackwater rivers.” Sci 
Total Environ 656:952–958. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2018.​11.​423

Le Roux DS, Ikin K, Lindenmayer DB et al (2018) The future of large 
old trees in urban landscapes. PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00994​03

Lesica P, McCune B, Cooper SV, Hong WS (1991) Differences in 
lichen and bryophyte communities between old-growth and man-
aged second-growth forests in the Swan Valley, Montana. Can J 
Bot 69:1745–1755. https://​doi.​org/​10.​1139/​b91-​222

Li Q (2010) Effect of forest bathing trips on human immune func-
tion. Environ Heal Prev Med 15:9–17. https://​doi.​org/​10.​1007/​
s12199-​008-​0068-3

Lindenmayer DB (2017) Conserving large old trees as small natural 
features. Biol Conserv 211:51–59. https://​doi.​org/​10.​1016/j.​bio-
con.​2016.​11.​012

Lindenmayer DB, Laurance WF (2016) The ecology, distribution, con-
servation and management of large old trees. Biol Rev 92:1434–
1458. https://​doi.​org/​10.​1111/​brv.​12290

Lindenmayer DB, Laurance WF, Franklin JF et al (2013) New poli-
cies for old trees: averting a global crisis in a keystone ecological 
structure. Conserv Lett 7:61–69. https://​doi.​org/​10.​1111/​conl.​
12013

Lindo Z, Whiteley JA (2011) Old trees contribute bio-available nitro-
gen through canopy bryophytes. Plant Soil 342:141–148. https://​
doi.​org/​10.​1007/​s11104-​010-​0678-6

Lindsey R (2020) Climate Change: Atmospheric Carbon Dioxide. In: 
Clim. Sci. Inf. a Clim. nation. https://​www.​clima​te.​gov/​news-​featu​
res/​under​stand​ing-​clima​te/​clima​te-​change-​atmos​pheric-​carbon-​
dioxi​de

Louis BP, Maron P-A, Viaud V et al (2016) Soil C and N models that 
integrate microbial diversity. Environ Chem Lett 14:331–344. 
https://​doi.​org/​10.​1007/​s10311-​016-​0571-5

Luyssarert S, Shulze E-D, Borner A et al (2008) Old-growth forests 
as global carbon sinks. Nature 455:213–215. https://​doi.​org/​10.​
1038/​natur​e07276

Malicek J, Palice Z, Vondrak J et al (2019) Lichens in old-growth 
and managed mountain spruce forests in the Czech Republic: 
assessment of biodiversity, functional traits and bioindicators. 
Biodivers Conserv 28:3497–3528. https://​doi.​org/​10.​1007/​
s10531-​019-​01834-4

https://doi.org/10.1111/ddi.12688
https://doi.org/10.1126/science.339.6122.904-b
https://doi.org/10.1111/cobi.12341
https://doi.org/10.1080/08941920.2015.1041660
https://doi.org/10.1007/s10311-020-01029-2
https://doi.org/10.1186/1746-4269-2-26
https://doi.org/10.1007/s10311-021-01224-9
https://doi.org/10.1016/j.geoderma.2020.114541
https://doi.org/10.1016/j.geoderma.2020.114541
https://doi.org/10.1071/MF00145
https://doi.org/10.1007/s40011-016-0708-0
https://doi.org/10.1007/s10311-020-01059-w
https://doi.org/10.1139/a03-011
https://doi.org/10.1126/sciadv.1501392
https://doi.org/10.1016/j.jiph.2016.08.007
https://doi.org/10.1016/j.jiph.2016.08.007
https://doi.org/10.1080/21501203.2018.1536680
https://doi.org/10.1007/s10311-021-01285-w
https://doi.org/10.1007/s10311-021-01291-y
https://doi.org/10.1007/s10311-021-01291-y
https://doi.org/10.1016/j.scib.2018.07.023
https://doi.org/10.1016/j.scib.2018.07.023
https://doi.org/10.1016/j.ufug.2020.126584
https://doi.org/10.1111/ddi.12682
https://doi.org/10.1007/s10311-021-01229-4
https://doi.org/10.1016/j.scitotenv.2018.11.423
https://doi.org/10.1016/j.scitotenv.2018.11.423
https://doi.org/10.1371/journal.pone.0099403
https://doi.org/10.1371/journal.pone.0099403
https://doi.org/10.1139/b91-222
https://doi.org/10.1007/s12199-008-0068-3
https://doi.org/10.1007/s12199-008-0068-3
https://doi.org/10.1016/j.biocon.2016.11.012
https://doi.org/10.1016/j.biocon.2016.11.012
https://doi.org/10.1111/brv.12290
https://doi.org/10.1111/conl.12013
https://doi.org/10.1111/conl.12013
https://doi.org/10.1007/s11104-010-0678-6
https://doi.org/10.1007/s11104-010-0678-6
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://doi.org/10.1007/s10311-016-0571-5
https://doi.org/10.1038/nature07276
https://doi.org/10.1038/nature07276
https://doi.org/10.1007/s10531-019-01834-4
https://doi.org/10.1007/s10531-019-01834-4


1538	 Environmental Chemistry Letters (2022) 20:1529–1538

1 3

Matsunaga K, Igarashi K, Fukase S (1982) Behaviour of organically 
bound iron in Lake Ohnuma. Jpn J Limnol 43:182–188. https://​
doi.​org/​10.​3739/​rikus​ui.​43.​182

Miyawaki A (2004) Restoration of living environment based on vegeta-
tion ecology: theory and practice. Ecol Res 19(83):90. https://​doi.​
org/​10.​1111/j.​1440-​1703.​2003.​00606.x

Muszynska B, Fijalkowska A, Sulkowska-Ziaja K et al (2020) Fomi-
topsis officinalis: a species of arboreal mushroom with promising 
biological and medicinal properties. Chem Biodivers. https://​doi.​
org/​10.​1002/​cbdv.​20200​0213

Norris C, Hobson P, Ibisch PL (2011) Microclimate and vegetation 
function as indicators of forest thermodynamic efficiency. J Appl 
Ecol 49:562–570. https://​doi.​org/​10.​1111/j.​1365-​2664.​2011.​
02084.x

Roviello V, Roviello GN (2021) Lower COVID-19 mortality in Ital-
ian forested areas suggests immunoprotection by Mediterreanean 
plants. Environ Chem Lett 19:699–710

Roviello V, Gilhen-Baker M, Vicidomini C, Roviello GN (2021) 
Forest-bathing and physical activity as weapons against COVID-
19: a review. Environ Chem Lett. https://​doi.​org/​10.​1007/​
s10311-​021-​01321-9

Schulze ED, Hessenmoeller D, Knohl A et al (2009) Temperate and 
boreal old-growth forests: How do their growth dynamics and bio-
diversity differ from young stands and managed forests? In: With 
C, Gleixner G, Heimann M (eds) Old growth forests. Ecological 
studies (Analysis and Synthesis). Springer, Berlin

Schweiger AH, Svenning J-C (2019) Analogous losses of large ani-
mals and trees, socio-ecological consequences, and an integrative 
framework for rewilding-based megabiota restoration. Br Ecol Soc 
2:29–41. https://​doi.​org/​10.​1002/​pan3.​10066

Simard SW, Beiler KJ, Bingham MA et al (2012) Mycorrihizal net-
works: mechanisms, ecology and modelling. Fungal Biol Rev 
26:39–60. https://​doi.​org/​10.​1016/j.​fbr.​2012.​01.​001

Slomski A (2021) Trials test mushrooms and herbs as anti–COVID-19 
agents. JAMA. https://​doi.​org/​10.​1001/​jama.​2021.​19388

Sothe C, Gonsamo A, Arabian J, et al (2021) Large soil carbon stor-
age in terrestrial ecosystems of Canada. https://​doi.​org/​10.​1002/​
essoar.​10507​117.2

Spies TA (2004) Ecological concepts and diversity of old-growth for-
ests. J for 102:14–20. https://​doi.​org/​10.​1093/​jof/​102.3.​14

Stamets PE (2005) Medicinal polypores of the forests of North Amer-
ica: screening for novel antiviral activity. Int J Med Mushrooms. 
https://​doi.​org/​10.​1615/​IntJM​edMus​hrooms.​v7.​i3.​210

Stamets P, Schwartzberg L, Pollan M, et al (2019) Fantastic Fungi. 
Insight Editions

Teste FP, Simard SW, Durall DM et al (2009) Access to mycorrhizal 
networks and roots of trees: importance for seedling survival and 

resource transfer. Ecol Soc Am 90:2808–2822. https://​doi.​org/​10.​
1890/​08-​1884.1

Turner NJ, Boelscher Ignace M, Compton BD (1998) Secwepemc 
(Shuswap) tree names: key to the past. In: Czaykowska-Higgins 
E (ed) Salish Languages and Linguistics. De Gruyter Mouton

Turner NJ, Hebda RJ (1990) Contemporary use of bark for medicine by 
two Slishan Native Elders of Southeast Vancouver Island, Canada. 
J Ethnopharmacoplogy 29:59–72. https://​doi.​org/​10.​1016/​0378-​
8741(90)​90098-e

Ufnalska S, Lichtfouse E (2021) Unanswered issues related to the 
COVID-19 pandemic. Environ Chem Lett 19(7). https://​doi.​org/​
10.​1007/​s10311-​021-​01249-0

Van Der Heijden MGA, Horton TR (2009) Socialism in soil? the 
importance of mycorrhizal fungal networks for facilitation in natu-
ral ecosystems. J Ecol 97:1139–1150. https://​doi.​org/​10.​1111/j.​
1365-​2745.​2009.​01570.x

Weber P, Bol R, Dixon L, Bardgett RD (2008) Large old trees influ-
ence patterns of δ13C and δ15N in forests. Rapid Commun Mass 
Spectrom 22:1627–1630. https://​doi.​org/​10.​1002/​rcm.​3433

Welsh HHJ (1990) Relictual amphibians and old-growth forests. Con-
serv Biol 4:309–319. https://​doi.​org/​10.​1111/j.​1523-​1739.​1990.​
tb002​93.x

Wolf C, Bell DM, Kim H et al (2021) Temporal consistency of under-
canopy thermal refugia in old-growth forest. Agric for Meteorol. 
https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2021.​108520

Xiong X, Liu J, Zhou G et al (2021) Reduced turnover rate of top-
soil organic carbon in old-growth forests: a case study in sub-
tropical China. For Ecosyst 8:58. https://​doi.​org/​10.​1186/​
s40663-​021-​00337-5

Yang Z, Zheng Q, Zhuo M et al (2021) A culture of conservation: 
how an ancient forest plantation turned into an old-growth forest 
reserve - The story of the Wamulin forest. People Nat 3:1014–
1024. https://​doi.​org/​10.​1002/​pan3.​10248

Yezerinac S, Moola FM (2006) Conservation status and threats to 
species associated with old-growth forests within the range of 
the northern spotted owl (Strix occidentalis caurina) in British 
Columbia, Canada. Biodiversity 6:3–9. https://​doi.​org/​10.​1080/​
14888​386.​2005.​97127​78

Zheng S, Shan J, Singh RP, Wu Y, Pan J, Wang Y, Lichtfouse E (2020) 
High spatio-temporal heterogeneity of carbon footprints in the 
Zhejiang Province, China, from 2005 to 2015: implications for cli-
mate change policies. Environ Chem Lett 18(3):931–939. https://​
doi.​org/​10.​1007/​s10311-​020-​00977-z

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3739/rikusui.43.182
https://doi.org/10.3739/rikusui.43.182
https://doi.org/10.1111/j.1440-1703.2003.00606.x
https://doi.org/10.1111/j.1440-1703.2003.00606.x
https://doi.org/10.1002/cbdv.202000213
https://doi.org/10.1002/cbdv.202000213
https://doi.org/10.1111/j.1365-2664.2011.02084.x
https://doi.org/10.1111/j.1365-2664.2011.02084.x
https://doi.org/10.1007/s10311-021-01321-9
https://doi.org/10.1007/s10311-021-01321-9
https://doi.org/10.1002/pan3.10066
https://doi.org/10.1016/j.fbr.2012.01.001
https://doi.org/10.1001/jama.2021.19388
https://doi.org/10.1002/essoar.10507117.2
https://doi.org/10.1002/essoar.10507117.2
https://doi.org/10.1093/jof/102.3.14
https://doi.org/10.1615/IntJMedMushrooms.v7.i3.210
https://doi.org/10.1890/08-1884.1
https://doi.org/10.1890/08-1884.1
https://doi.org/10.1016/0378-8741(90)90098-e
https://doi.org/10.1016/0378-8741(90)90098-e
https://doi.org/10.1007/s10311-021-01249-0
https://doi.org/10.1007/s10311-021-01249-0
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1002/rcm.3433
https://doi.org/10.1111/j.1523-1739.1990.tb00293.x
https://doi.org/10.1111/j.1523-1739.1990.tb00293.x
https://doi.org/10.1016/j.agrformet.2021.108520
https://doi.org/10.1186/s40663-021-00337-5
https://doi.org/10.1186/s40663-021-00337-5
https://doi.org/10.1002/pan3.10248
https://doi.org/10.1080/14888386.2005.9712778
https://doi.org/10.1080/14888386.2005.9712778
https://doi.org/10.1007/s10311-020-00977-z
https://doi.org/10.1007/s10311-020-00977-z

	Old growth forests and large old trees as critical organisms connecting ecosystems and human health. A review
	Abstract
	Introduction
	Carbon sequestration
	Continued carbon sequestration through growth and reduced respiration
	Unaccounted carbon storage within the soil of old-growth forests

	Nitrogen fixation factories
	Microclimates and safe havens for species at risk from global warming
	Essential habitats for endangered species.
	Parental figures for the next generation of trees
	Large old trees offer superior genetics to their progeny
	Large old trees create the ideal soil conditions for the next generation to grow

	Medicinal powerhouses
	Forest bathing and its proven therapeutic benefits
	Large old trees as hosts to endogenous fungi with high therapeutic potential
	Fomitopsis officinalis as a possible treatment for COVID-19
	Fomitopsis officinalis as a potential source for new antibiotics
	Bioactive compounds isolated from Agarikon (Fomitopsis officinalis)


	Social and cultural implications for conservation policies
	A living connection to the past
	Sources of inspiration

	Conclusion
	Acknowledgments 
	References




