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Summary
The comparison of deciduous broad-leaved (DB) with coniferous evergreen (CE)
forests, in respect of biodiversity and their eﬀect on climate change, is restricted, as
many published comparisons are made between these two forest types in diﬀerent
locations and latitudes.
We have therefore compared each forest type with grassland in the same location
to draw conclusions about their relative values at the latitudes of the UK- 50o N-60o
N.
The majority of forest carbon, (C), is in the litter and underground, where
microbiological activity contributes to CO2, N2O, NO2 and N2 production. There is
generally greater activity under DB, where the proportional production of nitrous
oxide, N2O, amongst the N gases is greater than under CE.
Diﬀerences also occur in their responses to Latitude, ambient temperature and
precipitation. Overall the biodiversity of DB forests and of grassland is greater than
that of CE forests. Although the published evidence on albedo shows normal

variation, the published equations include both the conversion of the albedo eﬀects
to radiative forcing, in Watts and the forcing eﬀect of a reduction in atmospheric
CO2 equivalent to each unit of forest C sequestrated, in Joules.
The net mean eﬀects for DB and for grassland indicate that DB would need to
produce only between 0 and 1.20 tC ha-1yr-1 to have an equaleﬀect on climate to
that of coniferous forests producing 2.5 tC ha-1yr-1 in the UK.
This, together with their greater biodiversity and a higher amenity value indicates
that UK forestry policy should encourage more strongly DB plantations. But where
DB forestation is envisaged anaerobic conditions should be avoided, especially on
N-rich soils to reduce production of methane and, N2O, which are potent
greenhouse gases (GHG).
Moreover, an increase in ambient temperature with climate change will increase soil
respiration rate tending to mitigate an increase in total C sequestration rate brought
about by increasing tree growth rate.
Glossary
Mineralization in soil is decomposition or oxidation of organic matter to plantaccessible forms. Mineralization is the opposite of immobilization.
Soil Nitriﬁcation: This is the biological oxidation of ammonia or ammonium ions to
nitrite followed by the oxidation to nitrate. The ammonium ion is produced as a
waste product from cellular and organismal metabolism and is the preferred N
source for many plants and algae. Nitrate is not only a nutrient, but the substrate
for the bacterial process of denitriﬁcation, by which nitrate is reduced to N2O and
N2 gases by soil bacteria. Most plants cannot use N2, so denitriﬁcation represents a
loss term for ﬁxed N in the ecosystem, but it completes the N cycle.
Carbon (C) to nitrogen (N) ratio: Whether N is mineralized or immobilized
depends on the C/N ratio of plant soil residues. These residues have too little N for
the microbial population to convert all of the C into their cell structure. If the C:N
ratio of this plant material is above 30:1 soil microbes may use N in mineral form
(e.g. NO3- ). This N is said to be immobilized, possibly causing N deﬁciency for trees.
As CO2 is released by organic matter decomposition the C:N ratio decreases, and
the microbial demand for mineral N is decreased. When the C:N ratio falls below
about 25:1 further decomposition results in simultaneous mineralization of N which
becomes available for tree growth.
Net ecosystem production (NEP), is the diﬀerence between Gross primary
production(GPP) and Total ecosystem respiration (Re). NEP is the total amount
of organic C in an ecosystem available for storage, or export as organic C.
Gross primary production (GPP) refers to the total amount of C ﬁxed in the
process of photosynthesis by plants in an ecosystem. A forest or grassland, for
example, may ﬁx 30 tC ha-1 yr-1 during the process of photosynthesis. Total global
GPP is about 120 GtC yr -1 (Giﬀord 1982; Bolin et al. 2000).

Net primary production,( NPP) is GPP minus C respired by plants in autotrophic
respiration, NPP = GPP - RA. It constitutes the total annual growth increment (both
above and below ground) plus the amounts grown and shed in senescence,
reproduction or death of short-lived individuals in a stand plus the amounts
consumed by herbivores.
Net Ecosystem Exchange (NEE) and Net Ecosystem Production (NEP) are net
primary production minus carbon C in heterotrophic respiration, RH : NEE = NEP =
NPP – RH. These terms are interchangeable.
Respiration by Heterotrophs (RH) is the carbon respired by all organisms (ﬂora
and fauna) unable to ﬁx C by photosynthesis (includes all animals, protozoans,
fungi, and most bacteria) living in the soil and litter decomposing organic matter.
Respiration by Autotrophs (RA) is the energy or C respired for plant metabolism,
generally as CO2.
GHG Greenhouse gases
INTRODUCTION
Forestation is assumed to reduce climate warming, as it acts as a C sink
lowering atmospheric CO2.
This assumption ignores the large inﬂuence caused by the direct warming
eﬀect of solar radiation on the Earth’s surface. The considerable variety of
surfaces diﬀer greatly in the extent to which that radiation is reﬂected back
into space- their albedo eﬀect.
Evergreen coniferous (CE) forests possess low albedo values, i.e., absorb a high
proportion of short wave radiation, so have high radiative forcing values, that
is, they tend to warm the Earth more than most alternative land surfaces
warm the Earth.
In Part 2 of this series (1) we concluded that the net eﬀect for at least 90 % of UK CE
forests (latitudes 50o- 60o N) is positive for net radiative forcing-indicating they
warm the climate in comparison to alternative land use.
The reason for this is that C sequestration rate is too low for the consequential
reduction in atmospheric CO2 to overcome the positive radiative forcing caused by
the low albedo index (i.e. the extent to which radiation is reﬂected back into space)
of CE forests.
It is demonstrated in the review here that Deciduous Broad-leaved (DB) forests
reﬂect more solar radiation back into space than do CE forests and are more
biodiverse than CE, but on average have similar rates of C sequestration.
Therefore, United Kingdom (UK) forestry policy should be reviewed to take this
evidence into account. In doing so, forest husbandry should also take account of the
tendency of the soil microﬂora of DB forests on N-rich, water saturated, soil to

produce high rates of nitrous oxide (N2O), a potent greenhouse gas (GHG).
Impact of broad leaved and coniferous forests
This review of forest productivity has sought to compare the likely impact on climate
of DB and CE forests. Although data to allow a strict comparison in a range of
climatic and geographic areas are scarce we can conclude that north temperate DB
forest is substantially less likely to exacerbate climate warming than CE forest.
This review admits the possibility that land use of proposed development land can
aﬀect potential climate change and that these risks need to be considered with the
economic and social implications of all infrastructure projects.
The message for politicians, planners and developers is that we should not only
seek to maximise planting of DB woodland, but that where sacriﬁce of woodland for
speciﬁc projects is essential land covered by CE should be developed in preference
to DB and agricultural land, both of which reﬂect more solar heat back into space.
THE EVIDENCE
Method
In this review we examine reliable evidence concerning temperate deciduous broadleaved (DB) forests.
Forests are climax vegetation and may be planted as:
1.
2.
3.
4.
5.
6.
7.

an amenity;
a wind break;
timber for building, or fuel;
preventing soil erosion in hilly areas;
up-stream to reduce ﬂooding risk in the lower reaches of rivers;
for biodiversity; and
as a carbon sink and/or to change albedo.

The purpose is to assess reliable evidence on items 6 and 7 above. It may be
concluded from observation that DB forests are superior to CE for 1, and of similar
eﬃciency for 2-5.
Albedo is an index of the intensity of daily solar short-wave radiation where 0.0
equates to complete absorption by a dark surface and 1.0 complete reﬂection to
space.
We have quantiﬁed the reported albedo values in common energy terms, Watts per
square metre of land surface, Wm-2, by assuming a value of 13 MJ.m-2d-1 (linear
range 11.5-15 see ref. and Appendix), as radiative forcing, allowing 20 % for
atmospheric absorption of short-wave radiation.
Thus, the diﬀerence in radiative forcing over the whole short-wave spectrum
between two diﬀerent land-use types e.g. grassland and DB forest can be
calculated; n.b. positive values for radiative forcing indicate warming the Earth.

This forcing is then compared with the forcing induced by a reduction in
atmospheric C brought about by forest C sequestration rate in the same energy
terms.
This approach allows a comparison of climate change impacts of the two chosen
surfaces. But it does not permit comparison with other drivers of climate change,
quantiﬁed in diﬀerent units, e.g. changes in fresh water and food resources and
the detrimental eﬀects CO2 exerts through ocean acidiﬁcation.
The existing deﬁnitions of CO2 equivalent are vital for the current policy on climatechange mitigation and should not be discarded. Comparisons of diﬀerent
greenhouse gases from diﬀerent sources in terms of radiative forcing are still
somewhat like the proverbial comparison of apples with oranges.
For example their atmospheric half-lives diﬀer widely. With the exception of halflives, the other three (high-lighted) extraneous drivers would not aﬀect the
conclusions drawn in this review.
The review compares the eﬀects of CE and DB forestation on radiative forcing in
the same locations at the latitude of the UK (50-60 N). It is recognized that many
local features inﬂuence C sequestration in diﬀerent locations. As some of these
could diﬀerentially inﬂuence C sequestration, forcing and biodiversity between CE
and DB in the same location, reference will be made to those of signiﬁcance to the
questions posed.
CLIMATE
LATITUDE
Latitude may be used as a proxy for a range of factors such as radiation balance,
length of growing season, frost events and forest nutrition.
Halting deforestation in the tropics would help mitigate climate change through
reduced CO2 emissions. It would also help to conserve biodiversity and ecosystem
services and maintain a relatively cooler, moister climate by preventing major
changes to regional water cycles.
However, at higher latitudes whether forest trees act as a C sink or a C source
depends on albedo and net C sequestration rate both of which vary according to
climate and vegetation type.
There is a signiﬁcant decrease in forest C accumulation rate in northerly latitudes.
This is caused by a delicate balance between CO2 uptake (photosynthesis) and loss
(respiration). Fig. 1 indicates that loss of CO2 to the atmosphere increases greatly at
higher latitudes of 15 European forests, whereas Fig. 2 indicates that GPP is
uninﬂuenced by latitude. The ratio NEE/RE increases with latitude (Fig. 3), indicating
that respiration rate (RE) becomes more important for northern sites and can
explain the decrease of NEE previously shown in Fig. 1. for northern sites.
Ecosystem respiration determines NEE(2). Thus, CO2 loss through respiration

becomes of increasing importance towards the north pole. It is concluded that an
increase in global temperature with climate change is likely to increase soil C
decomposition rates more than NPP in cold northern regions. Warm winters tend to
switch old boreal stands from a sink to a source of C by increasing the annual
amount of respiration (2).
Nutrition and ambient temperature of forests on respiration by nonphotosynthetic microorganisms, RH.
Poor nutrition of a forest with a fast rate of C accumulation (GPP) leads to poor
overall C sequestration as a higher proportion of energy is respired as CO2 by both
green plants and soil microorganisms(3). Increasing ambient temperature
substantially increases soil microbial respiration rate(4), but has only a slight positive
eﬀect on tree growth. The overall inﬂuence on environmental C sequestration of
increasing temperature is marginal(5).
BD v CE and Latent heat (LH)
The transfer of LH implies a change in the phase (liquid-gas-solid) without change in
temperature, so the energy and heat lost in evapotranspiration cools the surface,
but the heat is regained during the condensation of water vapour during cloud
formation and its further condensation in rain drops.
The eﬃciency of CO2 uptake of jack pine is low because a sizable fraction of
available radiation is absorbed by non-photosynthetic organs, such as limbs, trunks
and soil.
The absorption of solar energy, which energizes evaporation and photosynthesis,
are in proportion to total leaf area A boreal jack pine forest has about one-third the
leaf area of a BD forest(6) and penetration of about one-third of incident
photosynthetic photon ﬂux (QP) to the ground is common in boreal conifer forests
(7),whereas temperate BD forests typically intercept between 90 and 95% of solar
radiation, QP(8) (Figs. 4, 5, 9 and 10). Thus, the latent heat of evaporation from leaves
is greater in BD than in CE forests, cooling the local climate(9,10),
A much higher proportion of net radiation is converted to sensible heat in the pine
forest, whereas a higher proportion is converted to latent heat in the BD forest (Fig.
5).
Precipitation and clouds “Half of Earth is covered by clouds of diﬀerent types,
exhibiting reﬂectivity ranging in albedo from near 0 (heating Earth) to approaching
0.8 (cooling Earth), but becoming a warm blanket at night, reﬂecting long-wave
radiation back to Earth’s surface.” (11)
Eﬀect of forest on rainfall and of rainfall on forest C sequestration rate
Temperature has a greater eﬀect on C sequestration rate than rainfall in NE China
(12), but soil temperature has only a weak eﬀect(13). The eﬀect of rainfall on C

sequestration must be diﬃcult to measure, owing to the depth of rooting; but
depending on the scale, forestation generally increases rainfall, although
evapotranspiration varies with tree species (14) .
Soil Carbon and Nitrogen stocks and total soil Respiration, Rs
Soil C stocks represent a greater proportion of forest C than that above ground. RS
is the ﬂux of microbial and plant respired CO2 from the soil surface to the
atmosphere.
There has been an acceleration of this ﬂux with climate change. The global RS in
2008 was 98 ± 12 Pg C. It had increased by 0.1 Pg C yr-1 between 1989 and 2008(15).
It is more than an order of magnitude greater than that of global annual C
production from fossil fuel combustion+cement/concrete manufacture (16). The
positive correlation of global RS with air temperature could be driven by higher rates
of C sequestration, rather than by mobilization of stored carbon.
Nevertheless, whereas the burning of fossil fuels increases the total quantity of C
in the biosphere, an increased soil RSwill only increase the rate of cycling in the
existent biosphere.
The fact that RS is greater in DB than in CE is a reﬂection of the greater activity and
biodiversity of deciduous soils and does not aﬀect the total C in the biosphere.
Forest net C sequestration rate is found to be overwhelmingly driven by N
deposition which is increased by human activities (17,18). The eﬀect is positive over
the entire range of N levels (19), as maximum photosynthetic capacity positively
correlates with leaf N content (20), canopy scale and albedo in temperate DB species
( 21). N treatment of soils has increased NPP and NEP (22,23, 24,25) in both CE and DB
species. NEP and NPP include soil C sequestration. But what gases are released?
RS is largely CO2. What other GHGs are present?
Leaves of DB trees are rich in nutrients leading to nutrient-rich soils, (ﬁgure 6) (26).
So Net N soil mineralisation is greater under DB c.f. CE, as it increases with higher
levels of microbial C and N biomass (27,28). Leaf-litter decomposition rate is
decreased greatly by a high lignin:N ratio of leaf litter(29, 30). The litter layer of CE
forests is rich in lignin and thick, but well aerated favouring slow nitriﬁcation and
release of NO. Conversely, the proportionally rapid rates of denitriﬁcation in DB
forests owe to a compact, moist litter layer, leading to NO consumption and nitrous
oxide (N2O) production (31,32, 33), especially with a rising temperature (34, 35) , if
substrate, or moisture, is not limiting (36,37). A review of world data shows that over
half global atmospheric N2O originates from the soil (38) and that although N
addition increases the global terrestrial C sink, the consequential CO2 reduction
could be oﬀset 53-76% by N stimulation of global CH4 and N2O emissions (38).
Atmospheric N2O accounts for approximately 5% of the global greenhouse eﬀect
and destroys stratospheric ozone.

Thus, N enrichment of soil may beneﬁcially increase C sequestration rate and
albedo index of DE forests; but it also increases the production of potent GHG,
methane and nitrous oxide, especially with damp anaerobic soils. These
factors must be taken into account in any policy review.
Conclusions

1. Eﬀect on climate of DB and CE forests as measured
by the sum of C sequestration rate and albedo.
Although we are concerned here with the rate of C sequestration the total
ecosystem (vegetation, detritus and soil) C content, as a sink is of concern. In the
boreal study (BOREAS) it is greatest in the black spruce forests (460 kg3 C ha-1), with
87 to 88% of the C in the soil, and is lowest in the jack pine stands (69 kg3 C ha-1), as
representing northern coniferous forests, with a similar distribution of C in the
vegetation and soil. A total of 57 % of world-wide forest C is in the soil (39).
C sequestration rates range from 2.5 to 7 t C ha-1 yr-1 over Europe and the USA. The
highest values are for young (20-50 years), fast-growing coniferous plantations and
broad-leaved trees. NPP values of up to 4.5 t C ha-1 yr-1 for Sitka spruce in a
maritime environment (40),1.7 to 3.6 t C ha-1 yr-1 for European beech and mixed
deciduous forests, and 2.5 to 3.4 t C ha-1 yr-1 for Norway spruce forests in Central
Europe and 3.4 t C ha-1 yr-1 for ﬁr in the northwest USA (41) and 4.7 t C ha-1 yr-1 for
several species of DB and 2.7 t C ha-1 yr-1 for CE species. (39) . Overall it is concluded
and assumed that rates of C sequestration are similar for DB and CE forests growing
under similar conditions for growth.
Mean minimum and maximum albedo values for crops, pasture and DB have a
similar range: 0.19–0.27 whereas CE has a substantially lower range: 0.09-0.14. The
mean diﬀerence between DB and CE ranges from 0.052 to 0.115 (ﬁgure 7, European
and ﬁgure 8, North American data). These values are consistent with those in other
reports (42 ,43).
DB would only need to sequestrate C at a rate of 0 to 1.20 tC ha-1yr-1 to have an
equaleﬀect on climate to that of coniferous forests producing 2.5 tC ha-1yr-1 in the
UK (ﬁgures 7 and 8 and Appendix).
Appendix
The calculation: The value 5.35 (W m−2 ) converts from units of CO2 to radiative
forcing, ∆RE,(48,49) in the removal of 1 tC from the atmosphere. 1 ppm (moles) of CO2
concentration corresponds to 2.123 GtC (50)
With an atmospheric CO2 concentration of 390 ppm, and for the whole Earth, the
radiative forcing, ∆RE, of the removal of 1 tonne forest carbon is −104 GJ tC−1 yr−1(43).
We cautiously assume a mean annual incident solar radiation of 13.0 MJ m−2 d −1.
Then compare the radiative forcing of −104 GJ tC−1 yr−1 with an albedo diﬀerence
between two land use types of 379.6 GJ ha−1 yr−1, equivalent to an annual radiative

forcing, per 1 % diﬀerence (assuming linearity). Thus, the required amount of C
storage needed, B, to balance the increase in albedo from each 1% increase in
radiation absorption is, B = 379.6/−104, i.e. −3.65 tC ha−1.
In accord with our previous paper (1) we assume a C sequestration rate of 2.5 tC.yr-1.
for both DB and CE. (A diﬀerent value would not aﬀect the conclusions). Moreover,
as we are comparing forests with equal production rates of C, feedback from oceans
etc. may be ignored. (ﬁgure 7, European data and ﬁgure 8, North American data).
European Reports (see ﬁgure 7)
1) ∆Ryr = 13.0×(+0.01)(1−0.2)×10000×365 = +3796 GJha–1yr-1 and +3796/-104 = -36.5
tC.ha-1 .
For (DB)–(Grassland) the DB woodland would not have to produce timber for
equivalence, as its albedo is greater than that of comparative grassland.
2) ∆Ryr = 13.0×(-0.105)(1−0.2)×10000×365 = -3985.8 GJha–1yr-1 and -3985.8/-104 =
+38.33 tC.ha-1. For (CE)-(Grassland), the CE forest growing at a rate of 2.5 tC.ha-1yr-1,
it would take >15 years to achieve equivalence with grassland.
3) DB forest would not need to produce any timber in order to have a similar eﬀect
on climate to a CE forest sequestrating at a rate of 2.5 tC.ha-1yr-1 according to
European data.
North American Reports (see ﬁgure 8)
4) ∆Ryr = 13.0×(-0.0480)×(1−0.2)×10000×365 = -1822.08 GJha–1yr-1 and -1822.08/-104
= +17.52 tC.ha-1 . For (DB) – (Grassland), at 2.5 tC.ha-1 +17.52/2.5, this value can be
accommodated within 7 years.
5) ∆Ryr = 13.0×(-0.0998)×(1−0.2)×10000×365 = 3788.41 GJha–1yr-1 and
-3788.41/-104= +36.43 tC.ha-1 . For (CE) – (Grassland), at 2.5 tC.ha-1yr-1this value can
be accommodated within 15 years.
6) DB forest would need to sequestrate C at a rate of only (17.52/36.43)(2.5 tC.ha-1yr1) =1.20 tC.ha-1yr-1 order to equal the rate of C sequestration of a CE forest
sequestrating at a rate of 2.5 tC.ha-1yr-1, in accordance with N. American data.
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Figures

Figure 1.
Net Ecosystem Exchange (NEE) v latitude. Closed symbols, forest of natural origin and
planted stands with traditional European forest management; open symbols, intensively
managed plantations. A negative sign indicates that C is absorbed by forest as Carbon
sequestration (growth). A positive sign indicates C is released by forest to the
atmosphere as CO2(2).

Figure 2.
Gross primary production (GPP) plotted against latitude . A negative sign indicates C is
absorbed by the 15 European forest. A positive sign indicates C is released by forest to
the atmosphere as CO2 (2).

Figure 3.
NEE/RE (Net ecosystem exchange/total ecosystem respiration) Closed symbols, natural forest; open symbols,
intensively managed European plantations. A negative sign indicates C is absorbed by forest. A positive sign indicates
C is released by forest to the atmosphere(2).

Figure 4.
Photosynthetic photon ﬂux (QP) reaching the forest ﬂoor during the day in a jack pine (53°92ʹ′ʹ′ N)
and a temperate BD forest (35°57ʹ′ʹ′30ʺ″ʺ″ N) (9)

Figure 5.
Daily variations of net radiation ( Rn ), and latent (LE) and sensible heat (H) flux densities over a
temperate BD forest and a boreal jack pine forest. (9).

Figure 6.

Average leaf nutrient concentration (g.kg-1) and N:P ratio for deciduous forest and other
vegetation types I Brazil (26)

Figure 7.
Albedo values, crops, grasses CE and DB. Data from two European reports 0-1.0, VIS,
visible spectrum, NIR, near infra-red
*19 data sets in Breuer et al. review(44)
** CE, Pinus sylvestris (45)

***38 data sets in Breuer et al. review(44)
****Mean DB, Fagus spp ,Quercus robur & Q. petraea(45)

C Deciduous needle-leaf (larch, Larix laricina) albedo variation exceeded that of CE species and
overlaps the albedo range of BD species.

Figure 8.

Mean Albedo estimates for land surface models. (46,47)
*Northerly would be more akin to UK latitudes, but 0.0518 is used cautiously
in calculation.

Figure 9.
A, Deciduous broad-leaved temperate productive stand.
Photo Richard Hovatter, USDA Forest Service

Figure 10.
Coniferous evergreen forest (Ponderosa pine), Taylor Woods, Fort Valley
Experimental Forest. Photo, Alessandra Bottero, University of Minnesota
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