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Abstract. Large trees are important and unique organisms

in forests, providing ecosystem services including carbon

dioxide removal from the atmosphere and long-term storage.

Some reports have raised concerns about the global decline

of large trees. Based on observations from two regions in Fin-

land and three regions in the United States we report that

trends of large trees during recent decades have been sur-

prisingly variable among regions. In southern Finland, the

growing stock volume of trees larger than 30 cm at breast

height increased nearly five-fold during the second half of

the 20th century, yet more recently ceased to expand. In the

United States, large hardwood trees have become increas-

ingly common in the Northeast since the 1950s, while large

softwood trees declined until the mid 1990s as a consequence

of harvests in the Pacific region, and then rebounded when

harvesting there was reduced. We conclude that in the regions

studied, the history of land use and forest management gov-

erns changes of the diameter-class distributions of tree pop-

ulations. Large trees have significant benefits; for example,

they can constitute a large proportion of the carbon stock and

affect greatly the carbon density of forests. Large trees usu-

ally have deeper roots and long lifetimes. They affect forest

structure and function and provide habitats for other species.

An accumulating stock of large trees in existing forests may

have negligible direct biophysical effects on climate through

transpiration or forest albedo. Understanding changes in the

demography of tree populations makes a contribution to es-

timating the past impact and future potential of forests in the

global carbon budget and to assessing other ecosystem ser-

vices of forests.

1 Introduction

Carbon, which is removed from the atmosphere by forest

ecosystem processes, is stored both in vegetation and soils

(e.g., McGuire et al., 2001). If carbon stocks of ecosystems

build up, the carbon content of the atmosphere is reduced ac-

cordingly. Conversely, if the rate of carbon accumulation by

ecosystems were to diminish, the rate of increase of carbon

dioxide in the atmosphere would be much faster than cur-

rently observed (Reich, 2011). The large potential of trees for

either removing CO2 from the atmosphere or adding it was

discovered in early research about forests, the carbon cycle,

and climate (Dyson, 1976; Brown and Lugo, 1982; Cooper,

1983; Woodwell et al., 1983). More recently, research has

highlighted other mechanisms exploring how forest canopies

affect the radiative forcing of the atmosphere by modifying

the albedo (Betts, 2000; Lukeš et al., 2014) and evapotran-

spiration (Swann et al., 2010).

Global forests are extremely diverse and provide a vari-

ety of ecosystem services such as carbon sequestration, in-

dustrial raw materials, flood and landslide protection, biodi-

versity preservation, and aesthetic and health benefits (Pan

et al., 2013). Forests are usually defined by the presence of

trees and absence of non-forest land use, even though trees

are also numerous outside forests in savannas, pasture lands,

and in suburban areas and green city centers (Nowak and

Greenfield, 2012). Large and old trees are exceptional en-

tities in most tree populations and they have unique and spe-

cial qualities beyond their climate mitigation function; how-

ever, there are concerns about human-caused losses of old

and large trees of the world (Lindenmayer et al., 2012, 2013;

Blicharska and Mikusinski, 2013).
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While covering only about one-quarter of the global land

surface, forests dominate the net removal of CO2 from the

atmosphere into land ecosystems (Pan et al., 2011a). Live

vegetation, mostly trees, accounts for three-quarters of the

large and persistent sink of the global forests. The remaining

one-quarter is shared by changing stocks of dead wood, litter,

soils and harvested wood products (Pan et al., 2011a). Trees

contain carbon in stems, branches, foliage, and roots and pro-

vide carbon sources for forest soil stocks and microbes, and

for export to downstream water and sediments (Richey et al.,

2002).

In mix-aged forests, large trees often contribute a signifi-

cant proportion of aboveground biomass and the carbon den-

sity of the site although only a few may be present (Slik et al.,

2013; Lutz et al., 2012; Martínez and Alvarez, 1998). Large

trees have deep roots, which transfer carbon into the lowest

layers of the forest soil. As trees die, the largest individual

trees decay most slowly thus maintaining for some time the

carbon stocks in snags or coarse woody debris that are stand-

ing or lying in forests (Harmon and Hua, 1991; Krankina and

Harmon, 1995; Pan et al., 2011a). Harvested trees may be

transformed into wood-based products, which contain signif-

icant amounts of carbon and are widely used as a sustainable

raw material (Skog et al., 2004). Large trees have statistically

lower mortality rates compared to small sized trees within a

stand (Coomes and Allen, 2007), which affects forest carbon

dynamics and successional processes.

To gain knowledge of size distribution of large trees and

their long-term dynamics, we usually rely on surveying the

demography of tree populations at annual or multi-annual

time steps using forest inventory methodology (Lawrence et

al., 2010). Forest inventory measurements are not available

at the global level. However, regional data and time series

are available from selected countries such as Finland and the

United States, which can provide multi-decadal statistics on

the demography of tree populations and changes of the size

distribution of trees. The evolution of forest carbon for Fin-

land and the United States has been described more broadly

in Liski et al. (2006) and Birdsey et al. (2006), respectively.

The longest time series, to our knowledge, of statistically

representative measurements of timber resources is from a

subregion in Finland, where the fieldwork was initiated in

1912 (Kauppi et al., 2010). The first national forest invento-

ries from Finland were carried out in the 1920s and 1930s (Il-

vessalo, 1927, 1942), and the national forest inventory in the

United States was begun in the 1930s (LaBau et al., 2007).

In this study, we selected five case study regions (Fig. 1).

This combination of regions was selected noting that (1) a

national forest inventory has been carried out in all regions

over a period of time of more than 50 years; (2) observations

on the growing stock have been published by size classes

of trees at intervals of 10 or less years; (3) each region is

large and diverse, containing hundreds of thousands of forest

stands and, therefore, disturbance anomalies affecting small

regions or individual stands do not distort general regional

trends, and (4) forest management history differs between the

regions and can be placed in the context of forest transition

theory (Mather, 1992).

We focus on large trees, broadly defined as the upper end

of the size distribution of live trees (greater than 30 or 33 cm

in diameter at breast height (DBH). The objective of this re-

search is to analyze the role of large trees in the evolution of

the growing stock in regions within Finland and the United

States representing different land management histories us-

ing data from statistically designed sample surveys. We dis-

cuss the impact of large trees on the carbon budget, albedo

and evapotranspiration of forests, and the effect of land man-

agement on the stock of large trees.

2 Materials and methods

Forest inventory is based on measurements taken from a sta-

tistically representative sample of all trees within a forest re-

gion – for details of this approach, see Tomppo et al. (2011)

and LaBau et al. (2007). Historical inventory data are avail-

able at 5–10 year intervals from Finland (Kuusela, 1972,

1978; Kuusela and Salminen, 1991; Tomppo et al., 2011;

Ylitalo, 2013; Korhonen et al., 2013) and decadal intervals

from the United States (Smith et al., 2009). We collected

data from these published inventories specifically by five re-

gions (Fig. 1). The two regions of Finland combined equal

all of Finland, whereas for the United States we selected

three diverse regions. We prepared time series estimates of

the growing-stock volume of large trees and the distribu-

tion of growing-stock volume by tree-size classes. Growing

stock-volume (in cubic meters, m3) refers to the volume of

the tree stem as defined by common merchantability stan-

dards. The historical inventories have reported estimates of

growing-stock volume by tree-size class based on consistent

definitions. We chose to report the distributions as they have

been published in the original literature, however, convert-

ing inches to centimeters. Future research can easily update

the findings of this research as new inventory cycles become

completed and published.

Data from Finland referred to nine inventory cycles as

follows: 1951–1953→1960–1963→1964–1970→1971–

1976→1977–1984→1986–1994→1996–2003→2004–

2008→2009–2012. Measurement teams travel within and

across regions. During some years measurements are taken

in southern but not in northern Finland, and vice versa. DBH

distributions were constructed to separate cohorts of trees

representing different size classes. The total stem volume

(in millions of m3) was estimated for trees within each size

cohort and each region. Forests cover a land area of about

11.5 and 11.3 million hectares; in southern Finland and

northern Finland, respectively.

Even though the two regions are within one country the

land management history varies greatly between the two re-

gions. The main part of rural lands in southern Finland has
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Figure 1. The location of the study regions in the United States and Finland.

been in private ownership since the middle ages. Forests in

southern Finland were severely over harvested in the 19th

to early 20th century. In northern Finland, the lands are

largely state owned. Industrial forest harvests were common

in southern Finland through the 20th century, while they

rarely occurred in northern Finland before the 1950s.

The data from the United States covered the period 1953–

2007, and contained five inventory cycles. Three regions

within the United States were selected for more detailed anal-

ysis covering a total of 91 million hectares (Fig. 1; Table 1).

For comparison, the total forest area of the United States in

2007 was 304 million hectares. The selected regions rep-

resent the diverse history of land management and impacts

on large trees: the Northeast which is largely composed of

forests that are re-growing on agricultural land that was aban-

doned over the last century; the Southeast where much of the

forest land is intensively managed on short rotations for tim-

ber products; and the Pacific Northwest where old-growth

forests were still being cleared and regenerated through the

mid-1980s but have since been preserved.

3 Results

3.1 Results for Finland

The growing stock of Finland’s forests consisted predomi-

nantly of small and medium sized trees (< 30 cm DBH). The

rate of biomass accumulation was almost the same in south-

ern Finland as in northern Finland, but there were interest-

ing differences between the two regions in the evolution of

the tree size distributions over time. The stock of large trees

hardly changed in northern Finland, where the accumulation

of biomass and carbon was concentrated in small trees of

less than 30 cm in DBH. In contrast in southern Finland, the

growing stock of large trees increased nearly five-fold from

about 70 to 340 million m3 between 1951–1953 and 2009–

2012 (Fig. 2).

3.2 Results for the United States

Trees in the United States are larger on average than those

in Finland. In the Pacific Northwest region which is domi-

nated by softwood species and has the largest population of

larger trees in the United States, there is a distinct pattern of

change over time in the growing stock of trees greater than

33 cm compared with trees less than 33 cm. The stock de-

clined from 3.7 billion m3 in 1953 to 3.0 billion m3 1987 and

then nearly recovered to their prior stocking by 2007, reach-

ing 3.4 billion m3 (Fig. 3). In contrast, the growing stock of

trees less than 33 cm increased from 1953 to 1977 and then

stabilized at about 1.1 billion m3. In the Southeast United

States, the growing stock of trees greater than 33 cm dou-

bled between 1953 and 2007, while that of trees less than

33 cm increased only until 1977 then was relatively stable

(Fig. 3). These changes reflect the increasing influence of in-

dustrial plantation forestry over the period. In the Northeast

United States where hardwoods predominate, the pattern is

similar to the Southeast except that the growing stock of trees

greater than 33 cm more than tripled between 1953 and 2007,

indicating forests that are increasing in age coupled with the

absence of significant harvesting or stand-replacing natural

disturbances. Compared with the Southeast where growing-

stock increases have leveled off, the total volume of grow-

ing stock in the Northeast has continued to increase in recent

years. The Northeast has not had such a widespread conver-

sion to intensive forest management as has happened in the

Southeast.
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Table 1. Statistics and forest management history of the sub regions addressed in this research. Forest area estimates for Finland include

poorly productive land called scrubland (Smith et al., 2009; Ylitalo, 2013).

Region Forest area

(1000 ha)

Stem volume

(million m3)

Biomass (Tg C

aboveground)

Forest management history

US Northeast 34 316 3896 2041 Most forests cleared for agriculture by

1850; current forests regrowing after

agricultural abandonment

US Southeast 35 567 3589 1873 Most forests cleared for agriculture by

1850; current forests regrowing or re-

planted after agricultural abandonment

US Northwest 21 225 4499 1561 Most forests harvested for wood prod-

ucts during the 20th century; harvesting

of old-growth suspended in the 1980s

Finland north 11 258 786 227 Forest land largely state owned. Forest

and land management intensified after

1950

Finland south 11 501 1546 418 Most forests privately owned and re-

covering from severe degradation of the

19th and early 20th century
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Figure 2. Dynamics of growing stock by tree size classes in regions “south” and “north” of Finland. NFI3 to NFI11 refer to the national

forest inventory cycles from the 3rd to 11th cycle over the time span 1951 to 2012. The width of the bars refers to the observation years of

each inventory cycle within the region. The stock of small trees is shown above the horizontal axis (DBH < 30 cm) – with the main change in

north Finland beginning in the 1980s. The stock of large trees is shown in positive numbers below the horizontal axis (DBH > 30 cm) – with

the main change in south Finland from 1951 to 1990.

4 Discussion

Forest biomass and the carbon stock have expanded even

though the global forest area keeps decreasing (Pan et al.,

2011a). Globally, forest vegetation has become increasingly

dense (Rautiainen et al., 2011). This research indicates that,

in Finland and the United States, carbon is sequestered in

most size classes of trees, and in four of the five regions stud-

ied, the increasing volume of larger trees has made an impor-

tant contribution to biomass expansion and the sequestration

of carbon.

We selected our five study regions for four reasons. First,

they are rare exceptions in global forests where reliable mon-

itoring of the growing stock has occurred consistently over

6 decades based on forest inventory methodology. Second,

they have been intensively managed with land use policies

and practices changing over time. Third, the regions are suf-

ficiently large and diverse for seeing the “forest from the

trees”, with each region containing hundreds of thousands

of individual forest stands thus offering a firm basis for an-

alyzing long-term forest trends. Fourth, they represent dif-

ferent biomes and climate conditions and are suitable for
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Figure 3. The distribution of growing stock by the size classes from 1953 to 2007 in regions within the United States.

discussing impacts of land management versus those of cli-

mate change or CO2 fertilization on forest ecosystems. We

used size cohort thresholds as they have been reported in the

original statistical publications. This is transparent and paves

the way for future studies, as the trends can be easily fol-

lowed when new data become published.

In temperate zones and also in the boreal forests of Fin-

land, the vegetation cover has been greatly altered by hu-

man activities (Pan et al., 2013; Fritzbøger and Søndergaard,

1995). The current forest demography and tree-size distribu-

tions generally reflect a disturbance legacy of land-use his-

tory (Clawson, 1979; Kauppi et al., 2006; Pan et al., 2011b).

In general, the historical switch in industrial countries from

subsistence agriculture to modern farming many decades ago

affects contemporary forests. Forest transition has occurred

from shrinking to expanding forest area (Mather, 1992). Land

abandonment has no immediate impact on the populations

of large trees within forests. Therefore, agricultural policy is

less important than forest policy in affecting the evolution of

large tree cohorts. In the United States, beginning 100 years

or so ago, Northeastern forests began regrowing on aban-

doned agricultural land and now these forests have reached

an age where large trees are becoming common once again

(Pan et al., 2011b). In the Pacific Northwest, large trees were

still being harvested in large quantities until about 25 years

ago so their numbers were declining, but now that trend has

been reversed with most remaining old-growth forest areas

set aside for other purposes besides timber production.

Even though our study regions are large and diverse, they

do not represent a global “average forest”. For example, fire

management, which are very important in many other parts

of the World have been a significant issue only in parts of our

study regions in the Pacific Northwest and Southeast United

States. From these results we cannot extrapolate the role of

large trees in the global carbon budget, because our study re-

gions cover only 3 % of the area of global forested land as

estimated by the FAO. We might try to make such an extrap-

olation effort, if the trends of large trees had been uniform

in all regions. But we observed deviating trends between the

regions and changes of biomass accumulation over time re-

sponding to land management history. All areas addressed

in this study have been used intensively for industrial round

wood production. This economic interest has supported the

maintenance of the relatively expensive national forest in-

ventories. Without the exceptionally persistent, accurate, and

precise forest data, we could not have carried out this re-

search.

Information on the growing stock of tree stems is directly

relevant in carbon research, because the volume of growing

stock is correlated with the carbon stock in forest biomass.

The ratio of carbon stock/growing stock decreases with tree

size; in other words, the contribution of stem biomass be-

comes increasingly large as trees grow in size (e.g., Lehto-

nen et al., 2004; Jalkanen et al., 2005; Kauppi et al., 2006).

A key concept in this conversion is biomass expansion fac-

tor (BEF), which has been empirically determined for many

www.biogeosciences.net/12/855/2015/ Biogeosciences, 12, 855–862, 2015
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tree species and for many regions of the world. An analysis

for Finland is available in Eerikäinen (2009) and in Härkö-

nen et al. (2011), and for the US in Smith et al. (2007). Tak-

ing Finland as an example, the biomass for each tree com-

ponent is modeled by the main tree species (Repola, 2008,

2009). Thereafter, BEFs were calculated by dividing total

tree biomass by stem volume within tree diameter classes

(Lehtonen et al., 2004). Typically, for conifers in Finland,

1 m3 of stem wood volume including bark corresponds to a

whole tree biomass of 0.6 to 0.8 Mg dry matter. The carbon

concentration of dry woody biomass is 45 to 50 % (Lehtonen

et al., 2004).

Although large trees have been recognized for their special

role in sequestering and storing carbon in forests (Stephenson

et al., 2014), the interaction of forests with the climate system

is not restricted to the exchange of carbon dioxide between

the ecosystem and the atmosphere. In high latitudes as forest

biomass expands in areas with low carbon density, the benefi-

cial climate impact of carbon sequestration may be offset by

the detrimental effects of decreasing albedo and increasing

transpiration on radiative forcing (Betts, 2000; Bonan, 2008;

Swann et al., 2010). The good news about the expansion of

large trees on existing forest areas is that it favors carbon se-

questration inside the surface layer of tree stems rather than

adding incremental leaf biomass. The latter more directly af-

fects canopy transpiration and albedo.

5 Conclusions

Land management has been a key driver in the change in

the stocks of large trees across the regions addressed in this

study, covering a total of 122 million hectares of forested

land. The contribution of large tree cohorts to biomass ex-

pansion and thus carbon sequestration varied greatly in time

and space. Only in north Finland was the quantitative contri-

bution of large trees to carbon sequestration insignificant. It

was important in the other four regions. For instance, in the

eastern US the stock of large hardwood trees expanded and

sequestered carbon effectively.

The evolution of the stock of large tree cohorts was af-

fected by management decisions such as the harvest morato-

rium in the Pacific Northwest US in the early 1990s. As the

patterns of large trees varied between regions and fluctuated

over time they cannot be explained by changes in climate or

CO2 fertilization, which have evolved gradually over all re-

gions. The results of this study should be interpreted with

caution regarding less managed forests of the world, but sim-

ilar regions exist in North America, Europe, Asia, and parts

of the Southern Hemisphere where land management deci-

sions have greatly affected the presence of large trees. Nev-

ertheless, managing the stocks of large trees is an option for

climate policy and can also be harmonized with opportuni-

ties for providing other important ecosystem services. It will

be beneficial to many studies on topics such as forest carbon,

forest restoration and conservation if monitoring trends of

large trees can be achieved globally in the future for forested

regions noting also the demography of large trees outside

forests on pasture lands and in suburban areas.
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