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Abstract

Detailed studies on the periodicity of fine root growth were carried out in the two Douglas-fir
stands of the Dutch ACIFORN project over a two-year period. The perforon method allows
the direct, in situ observation of root tips growing in long horizontal tubular channels in the
soil. The number of white root tips was used as an indication of periodicity of fine root
growth. In the first year the number of white root tips peaked just before budbreak, and then
declined gradually towards autumn. Despite a fairly high soil temperature in the winter, few
white root tips developed between October and April. In both stands, most of the fine roots
died during the dry spring of the second year. There is some evidence that many fine roots
died at bulk soil water pressure heads of around —-0.08 MPa. Due to dry periods in the second
year of observation, the periodicity of fine root growth showed a different pattern, especially
in the stand with lower water holding capacity in the soil. Based on certain assumptions, the
belowground carbon allocation in both stands was estimated from the biomass of fine and
coarse roots. In the less productive stand more carbon per surface area is allocated to the fine
roots than in the more productive stand, but the carbon allocation to the coarse roots is great-
er in the more productive stand. The effect of recent nitrogen deposition from the atmo-
sphere on belowground carbon allocation is discussed briefly.

Keywords: atmospheric nitrogen deposition, belowground carbon allocation, fine root pe-
riodicity, mortality, pressure heads, Pseudotsuga menziesii, soil water potential, turnover of
fine roots, water relations

Introduction

The periodicity of tree root growth is understood less well than the periodicity of
aboveground growth. Since the total amount of carbon allocated to the root system
largely depends on the growth of fine roots (McClaugherty et al., 1982; Linder &
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Axelsson, 1982), data on fine root biomass, including information on death and re-
placement, are essential to be able to estimate of the amount of assimilates neces-
sary for belowground growth. In an earlier paper, Olsthoorn (1991) presented data
on fine root density and root biomass in two Douglas-fir plantations of the ACI-
FORN project (ACldification of FORests in the Netherlands) on sites of different
quality in the Netherlands over three consecutive years.

The ‘average turnover’ of fine roots per year can be defined as the quotient of the
mean annual fine root biomass divided by the annual fine root production. Santan-
tonio & Hermann (1985) used this as a definition of ‘turnover rate’. In the ACI-
FORN stands, only the fine root biomass in the early summer in three consecutive
years is known (Olsthoorn, 1991). Both Santantonio & Hermann (1985) and Kurz
& Kimmins (1987a) found that in early summer the fine root biomass in the stands
they studied in the Pacific Northwest of America was much larger than the yearly
mean. Kurz & Kimmins found the annual fine root production to be equal to the
fine root biomass in May. Considering the differences in definition, this is in agree-
ment with the findings of Santantonio & Hermann (1985).

In the present study, use was made of the fine root biomass in early summer, to-
gether with data on coarse roots, to estimate the total belowground carbon alloca-
tion in the two stands. With some assumptions, the total yearly carbon allocation (in
tons of carbohydrates per hectare per year) to the root system of trees can be ex-
pressed as:

Cb=(WerMfr+Pfr/G)+(Wcercr+Pcr/G) (1)
where:
C, = belowground carbon allocation (t CH,O ha™' yr™!)
W, = weight of fine roots (t ha™)
M; = maintenance respiration fine roots (t CH,O t! yr™)
P, = production of fine roots (t ha™' yr™!)
G = growth efficiency (t ! CH,0)
W, = weight of coarse roots (t ha™)
M_ = maintenance respiration coarse roots (t CH,O t™! yr'?)
P_ = production of coarse roots (t ha™' yr™!)

As the soil fertility of these stands is different, the results of these calculations could
be indicative of the effects of increased nitrogen supply due to recent atmospheric
input on the total belowground allocation of carbon and on fine root densities in for-
ested areas and could partly explain the reported nutrient imbalances in European
forests as a result of nitrogen saturation (Mohren et al., 1986; Hiittl, 1990; Kazda,
1990; van den Burg, 1990). The present paper deals with the periodicity of fine root
growth in relation to weather and soil moisture conditions in the same stands to be
able to make an estimate of the belowground carbon allocation per year.
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Methods

Field measurements

The studies on periodicity of root growth were carried out in two fully stocked, fast
growing Douglas-fir plantations of the ACIFORN project, which were used to
study the influence of air pollution on forest growth (Evers et al., 1987). For a de-
scription of sites and stands see Olsthoorn (1991).

Use was made of the Perforon method (or perforated soil system), originally de-
veloped by van den Tweel & Schalk (1981) and Bosch (1984) for greenhouse trials,
to study the periodicity of root growth of Douglas-fir. Roots inside the tubular
channels made by this method behave as if encountering natural open spaces or
cracks in the soil (Whiteley & Dexter, 1984) and can be observed.

In each stand, three dominant or co-dominant trees were selected for the root
studies. Details of the perforon root cellar are given in Figure 1. A pit wasdug 1.3 m
away from the stem. A 3 mm thick stainless steel plate, with perforations 14 mm in
diameter, was positioned at the wall closest to the tree. The perforations in the steel
plate were arranged in 23 horizontal rows and 36 alternating vertical columns. The
other walls were covered with insulated boards to support the soil and to hold the
steel plate exactly in position. The pit was covered when no observations were be-
ing made.

In March 1987, horizontal tubular channels 12 mm in diameter and 32 cm long
were made by inserting a small corer through the perforations in the steel plate, in a
15 cm vertical zone, and removing the soil cores. In sandy material the channels re-
mained open for over three years, even during periods of severe frost or drought.
After the initial disturbance the roots were able to grow freely within and across the
channels. Observations on root tips were made with a small medical endoscope
4 mm in diameter and 30 cm long (uroscope), mounted on a small CCD camera with
a camera support. The images of the roots were displayed on a TV screen. At the
end of the 1987 growing season a balance was achieved between the number of new
roots growing into the channels and the number of roots growing across the chan-
nels back into the soil. In this paper only the data on numbers of root tips in 1988
and 1989 are presented. In the tree perforon root cellars per site, the total length of
the observation channels was 53 m.

Root tips inside the channels were observed monthly so that the current activity
of the roots could be recorded. Mycorrhizal root tips could be distinguished from
non-mycorrhizal brown root tips by colour or structure of the fungal mantle at the
root tips (Figure 1c). Living root tips were classified as mycorrhizal, brown or
white. Mycorrhiza were recorded separately, because the periodicity of the growth
of the mycorrhizal root tips was difficult to see since there were only minor changes
in colour during active growth. Non-mycorrhizal roots were considered to be acti-
vely growing when the root tips were white (Krueger & Trappe, 1967). Root tips
that were black, shrivelled or mouldy were considered dead and were not counted.

The monthly increase in stem diameter during the growing season was measured
with permanent increment bands (PVC) on the trees being monitored by the perfo-
ron system.
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Fig. 1. Schematic illustration of (a) perforon root cellar with video equipment near a mature tree in a
forest stand, (b) camera stand with endoscope and CCD video camera and (c) example of Russula ochro-
leuca mycorrhiza (diameter 1 mm) as visible in the perforon root cellar during development (endoscope
photograph by G. M. J. H. Ackermans).
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Soil water pressure heads (water potentials) were monitored twice daily on a
nearby subplot with tensiometers at depths ranging from 10 to 200 cm (Burt, 1978).
Soil water contents at 50 to 150 cm depth were measured with the neutron scatter-
ing technique (Gardner & Kirkham, 1952) in three access tubes per site. The soil
water contents of the upper 70 cm of the soil were measured weekly by Time Do-
main Reflectometry (Topp et al., 1980). To obtain a continuous time series of soil
water pressure heads and water contents, the SWIF model (Soil Water In Forested
ecosystems; Tiktak et al., 1990) was calibrated with data on water contents and
pressure heads. However, because tensiometer readings are not accurate when the
soil is dry, preference was given to the data on water contents.

Rainfall was measured continuously in clearings near the ACIFORN stands. Soil
temperature was continuously measured with diodes. The air temperature was con-
tinuously measured above the canopy.

Calculation of belowground carbon allocation

To estimate the amount of carbohydrates needed for the root system to perform as

observed (see also Olsthoorn, 1991), we assumed that:

— The fine root biomass found in the corer sampling in early summer 1987 and 1988
(Olsthoorn, 1991) was at its maximum level at both sites. Both preceding winters
were very mild and springs were moist, so high fine root mortality in that period is
unlikely.

— In both stands the annual production of fine roots is equal to the maximum fine
root biomass in early summer (Kurz & Kimmins, 1987a).

— Coarse root growth can be estimated with the allometric relation developed by
Kuiper & Coutts (1991) using diameter increment of the stems, as presented by
Olsthoorn (1991).

- 50 % of the biomass of the coarse roots consists of heartwood, with no respira-
tory demands (Bottcher & Liese, 1975).

— It is justifiable to exclude respiration by mycorrhizal root tips from the calcula-
tion of carbon allocation, because the frequency of mycorrhizal root tips on the
ACIFORN sites was below 10% (Jansen & de Nie, 1988).

Our calculations of growth and maintenance respiration with Equation 1 were
based on parameters used in a simulation model of Douglas-fir growth developed
by Mohren (1987). The relative maintenance respiration depends on the nitrogen
and mineral content of the biomass, according to the following equation (Penning
de Vries, 1975; de Wit et al., 1978):

M=025xFy,+0.08xF, (at25°C) @)

where:

M is respiratory demand in g CH,O g™ d™*
Fy is nitrogen fraction of the dry matter
Fyyis mineral fraction of the dry matter.
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The average nitrogen fraction of the fine roots from both sites in the 1988 sampling
programme was 0.013; the average mineral fraction was 0.006. Assuming an above-
ground growing season of 200 days at 15 °C with a Q,, of 2 (if the temperature is
10 °C lower, the relative maintenance respiration is halved) results in the yearly
maintenance respiration (M,,) for fine roots being 0.38 g CH,0O g' yr™'. The respi-
ration characteristics for the maintenance of the living coarse root biomass (M,,)
are taken the same as those calculated by Mohren (1987) with Equation 2 for the
sapwood in the stem, with very small nitrogen and mineral fractions, resulting in
0.021 g CH,O g™' yr™! for coarse root sapwood in a 200 day season.

The carbohydrates actually transported to the root system were derived from the
estimated annual growth of fine and coarse roots using a conversion efficiency (G)
of 0.65 g of dry matter produced per g carbohydrates (from Mohren, 1987, based on
Penning de Vries & van Laar, 1982).

Results

Soil moisture and soil temperature

Figure 2 presents data on rain and soil water pressure heads for 1988 and 1989. In
1988, only a few short rain-free periods occurred. In 1989 there was a dry period in
May and June, followed by other dry periods, interrupted by some heavy showers.
Kootwijk and Speuld are 10 km apart and have the same rainfall pattern. This was
reflected in the pattern of the soil water pressure heads in both years. In Kootwijk
the soil water pressure heads were less and decreased earlier in spring than Speuld
in both years, because the soil had a smaller water holding capacity. In Speuld the
water pressure heads rarely fell below —0.1 MPa (pF 3), even in 1989. In Kootwijk
the soil at a depth of 80 cm was relatively dry for long periods, especially in 1989. In
the upper 50 cm of the soil, soil water pressure heads in Kootwijk were as low as
—0.1 MPa (pF 3) in May 1989, whereas in Speuld this value was not reached until 15
July in 1989. Because of heavy showers during the summer of 1989 the water pres-
sure heads at 15 cm depth were very variable. The water pressure heads at greater
depth showed a more steady pattern.

Figure 3 presents air temperature for Speuld and soil temperature for Kootwijk.
The winters were mild for the Netherlands; hardly any frost occurred and the soil
was never frozen.

Periodicity of root growth

The individual trees varied little in growth behaviour. As the patterns in the active
growth period were comparable, the results of the individual perforons for one site
were combined to give a general impression of the interaction with soil conditions.
The numbers of mycorrhizal, brown and white root tips in the winter period were
estimated from observations in only one perforon per site. The number of white
root tips is used as an indication of the periodicity of root growth, but the number of
root tips cannot be extrapolated to a hectare, because the physical conditions for
root growth are different from soil and the soil volume sampled was small.
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Fig. 2. Amounts of rain and estimates of soil water pressure heads during 1988 and 1989 for (a) Koot-
wijk and (b) Speuld. The estimates of soil water pressure heads are calculated with the simulation model
SWIF, calibrated with tensiometer and neutron probe measurements (Tiktak et al., 1990). Arrows indi-
cate root corer sampling date (Olsthoorn, 1991).
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Fig. 3. Air temperatures above the forest canopy (Speuld) and soil temperatures at 15 cm depth (Koot-
wijk) during 1988 and 1989.
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Fig. 4. Total number of visible living
root tips (mycorrhizal and non-my-
corrhizal white and brown root tips)
of Douglas-fir in three perforon root
cellars during 1988 and 1989 in (a)
Kootwijk and (b) Speuld (legend:
depth indicated in cm).

Fig. 5. Number of visible white root
tips of Douglas-fir in three perforon
root cellars and average diameter in-
crement at breast height (DBH) of
the three observed trees (cumulative
per year) during 1988 and 1989 per
soil layer in (a) Kootwijk and (b)
Speuld (legend: depth indicated in
cm; dashed line is DBH increment).
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Figure 4 shows the total number of visible living root tips per soil layer of 20 cm.
At both sites the root tips were most numerous in the topsoil, in accordance with the
vertical distribution of fine root density observed in root core samples (Olsthoorn,
1991). In spring the total number increased somewhat and in Speuld the number
varied, especially in 1989. In the late summer of 1989 the total number of root tips in
Kootwijk increased in the two deepest soil layers, but there was a decrease in the
two uppermost soil layers in Speuld in that period. In autumn, numbers declined in
both sites at all depths.

Figure 5 shows that the occurrence of white root tips was almost completely re-
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stricted to the period between the beginning of April and the end of September,
with hardly any white root tips between October and March, while soil temperature
was over 5 °C for much of the winter season (Figure 3). The root tips resumed
growth fairly late in spring. The stem diameter growth started later in spring, asso-
ciated with budbreak (May). In 1988 the white root tips at both sites were especially
numerous in late spring, when budbreak occurred, and declined slowly toward the
autumn. In 1989, the pattern in Speuld was nearly the same as in 1988, but in Koot-
wijk the pattern in both years was very different: there were relatively few white
root tips in spring 1989, but many white root tips at all depths during the whole sum-
mer. Furthermore, in Kootwijk the number of white root tips in the lowest soil layer
declined the latest. In Speuld the number of white root tips showed the same pat-
tern in all soil layers.

In Speuld the development of the stem diameter increment in 1989 was the same
as in 1988. In Kootwijk the diameter increment was interrupted at the end of the
summer of 1989, possibly because of low water pressure heads in the soil.

In periods with many white root tips there were usually few brown root tips, but
the numbers increased later (Figure 6). In Speuld there was an increase in the
springs of 1988 and 1989, as there was in Kootwijk in 1988. But in spring 1989 there
was relatively little growth in Kootwijk (Figure 5) and therefore the number of
brown root tips did not start to increase until summer and then mainly in the two
deepest soil layers (see Figure 4). In the summer of 1989, there was a decrease in
the number of brown root tips in Speuld when there was little root growth activity,
and many roots died in the dry soil. The decrease was observed in the two upper-
most soil layers (see Figure 4).

The dynamics in the numbers of mycorrhizae are shown in Figure 7. Some of the
mycorrhizae may have been growing at the time of observation; this is not detect-
able from these data. The longitudinal growth of the mycorrhizal root tips was much
slower than that of non-mycorrhizal white root tips. The fluctuation in number of
mycorrhizae is caused either by mycorrhizal roots growing into or out of the chan-
nels, or by the death of visible mycorrhizae. Each spring, longitudinal growth of
mycorrhizae could be seen in the development of new ‘sprouts’ at the mycorrhizal
root tips (Figure 1c). Not only the absolute number of mycorrhizae, but also the fre-
quency of mycorrhizal root tips decreased with depth, as can be seen from Figures 4
and 7. However, mycorrhizae were found at all observed depths. In Kootwijk the
numbers of mycorrhizal root tips started to increase from the spring of 1988 (Figure
7). In the two uppermost soil layers the number of mycorrhizal root tips remained
fairly constant until the summer of 1989 when they declined drastically, before in-
creasing rapidly again in the autumn. In the two deeper soil layers there were no
changes in the number of mycorrhizal root tips. The results from Speuld suggest
that during the winter, roots with a mycorrhizal mantle can continue to grow at low-
er temperatures than roots without such a fungal mantle. In the mild winter of
’87/°88 the number of brown root tips remained the same (Figure 6), but the number
of mycorrhizal root tips rose as new tips continued to grow into the channels. Dur-
ing the summer of 1989 the numbers of mycorrhizae in Speuld declined more slowly
than the numbers of brown root tips.
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Table 1. Estimated belowground carbon allocation in both ACIFORN Douglas-fir stands in 1988. Fine
and coarse root biomass data from Olsthoorn (1991). Symbols, calculation methods and assumptions are
explained in the text.

Coarse roots Fine roots Total
(sapwood)

Kootwijk

Biomass (t ha™!) 124(=W_) 43 (=Wy)

Growth (tha ! yr!) 1.0(=P,) 4.3(=Py)

Requirements for:

- maintenance respiration’ 0.3 1.6 1.9

- growth! 1.5 6.6 8.1

Total carbon requirements! 1.8 8.2 10.0 (= Cy)

q . b,

Speuld

Biomass (t ha™) 15.5(= W) 3.0(=Ww)

Growth (tha!yr!) 26(=Py) 3.0(=P,)

Requirements for:

- maintenance respiration’ 0.3 11 1.4

— growth! 4.0 4.6 8.6

Total carbon requirements’ 4.3 5.7 10.0(= G)

!int CH,O halyr.

Estimation of belowground carbon allocation

The calculations in Table 1 were made only for 1988, using Equation 1, in order to
give an impression of the carbon allocation to be belowground part of the forest
stand, based on data from Olsthoorn (1991). Because of the greater nitrogen and
mineral content, the estimated maintenance respiration of fine roots in both sites
was greater than that of the coarse root biomass, even though their dry weight was
much less. In 1988 the total amount of assimilates needed for the performance of
the root system in both Kootwijk and Speuld was just over 10 ton CH,O ha™* yr™'.
However, in Kootwijk the total requirements of the fine roots (8.2 ton CH,O
ha™ yr™') were greater than in Speuld (5.8 ton CH,O ha™! yr™!), and the total re-
quirements of the coarse roots were less. The total requirements for growth of the
root system in Kootwijk and in Speuld were 4.3 and 5.9 times more, respectively,
than total maintenance respiration.

Discussion
Fine root mortality and soil water pressure heads
In the perforon root cellars it was observed that during the summer 1989 sometimes

white root tips had already died within four weeks. The 1989 root sampling pro-
gramme (Olsthoorn, 1991), revealed that early in the summer of 1989 the fine root
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biomass in Kootwijk was only 24 % of the fine root biomass in the same period in
1987 and 1988; the corresponding value for Speuld was 34 %. Kurz & Kimmins
(1987a) also found less fine root biomass after a dry period in summer.

Kuhns & Gjerstad (1988) state that the transport of assimilates to the root system
decreases in dry periods. This may cause a temporary reduction in root growth. Ex-
treme drought can cause fine roots to die, as is described in Parker & Pallardy
(1988), Marshall (1986) and Deans (1979). Parker & Pallardy (1988) state that
roots lose relatively more water at the wilting point than leaves, because of the col-
lapse of the cortical tissue. However, the roots do not always die under these condi-
tions. Drought can greatly reduce the biomass of fine roots when insufficient carbo-
hydrates (starch and sugars) are available in those roots (Marshall, 1986). Krueger
& Trappe (1967) found that starch and sugar concentrations in fine roots of Doug-
las-fir seedlings peaked just before budbreak and were at minimum in June. Singh
& Srivastava (1986) also found a declining carbohydrate content just after bud-
break. This would imply that fine roots are especially sensitive to water shortage in
early summer. Deans (1979) found that in some situations fine roots of spruce die
when soil pF values are less than 3.

Based on the assumption that it is possible to recognize dead roots in a corer sam-
ple as soon as one week after their death, it was possible to relate the amount of fine
roots in both years to the soil water potential conditions one week before sampling.
In Figure 2 the date of the root corer sampling is indicated for both sites in 1988 and
1989. In 1988 the soil water pressure heads in both sites did not decrease below
—0.05 MPa (= pF 2.7) in that period. In 1989 however, there was a period in both
Speuld and Kootwijk during which soil water pressure heads were below —0.08
MPa (= pF 2.9) at 15 cm depth. This means that in sandy soils some of the fine roots
had already died at soil water pressure heads of around —0.08 MPa (= pF 2.9). At
80 cm depth the soil water pressure heads at Speuld were still more than —-0.03 MPa
(= pF 2.5) whereas in Kootwijk it was more than —0.05 MPa (= pF 2.7) in that pe-
riod.

If many roots in the topsoil die, the demand for uptake of water per unit of root
length in the subsoil increases. According to de Willigen & van Noordwijk (1987)
this implies that the gradients of water content in the rhizosphere become steeper in
a soil with a poor hydraulic conductance, as in Kootwijk. At rapid water uptake
rates, roots in the subsoil must have died at water pressure heads of ~0.03 MPa (=
pF 2.5) in the bulk soil, because water pressure heads in Speuld at 80 cm depth were
more than that just before sampling in 1989 (Figure 2). Water pressure heads in the
rhizosphere were not determined. The water pressure heads at the root surface may
fall to a lethal level even though the bulk soil still contains a reasonable amount of
water. This situation associated with differing physical soil conditions could explain
the large differences that are found in literature for soil moisture conditions that re-
sult in fine root death (Deans, 1979; Parker & Pallardy, 1988). Both transpiration
and soil hydraulic conductivity influence the difference between water pressure
heads at the root surface and in the bulk soil (de Willigen & van Noordwijk, 1987).
Therefore, the values that were found for these sites in the early part of the growing
season may not be valid in other conditions.
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Periodicity of root growth

The soil temperatures at 15 cm depth in winter were around 5 °C, and the fine root
growth activity was limited, though Kuhns et al. (1985) found that root growth can
occur when the soil temperature is above 4 °C and Teskey & Hinckley (1981) found
root growth all year around. Root growth was not intensively monitored during the
winter periods, but occasionally a white root tip was found. Krueger & Trappe
(1967) also found occasional white root tips in Douglas-fir seedlings in a nursery in
winter, even in periods with frost. They found for Douglas-fir seedlings in Oregon,
USA, that many active root tips occurred just before budbreak, few during shoot
elongation, but thereafter numbers slowly increased to moderate levels until mid
autumn. Ladefoged (1939) and Lyr & Hofmann (1967) found that root growth ac-
tivity in most tree species peaked in June or July. Santantonio & Hermann (1985)
found a less distinct seasonal pattern in the number of new root tips of Douglas-fir in
Oregon. They found that the number of new root tips fluctuated much more on the
dry site than on the wetter sites. This agrees with our findings in Kootwijk (dry) and
Speuld (wet). On drier sites fine roots take a greater part of the carbon budget of
the stand (Table 1).

During the actual period of longitudinal growth of the root tips in Kootwijk in the
summer of 1989, the mycorrhizal fungus did not inoculate the roots, but apparently
the fresh root tips were easy to colonize as soon as the longitudinal growth stopped,
as can be seen in the quick increase in number of mycorrhizae in Kootwijk in the au-
tumn of 1989 (Figure 7).

We did not measure the average turnover of fine roots, but the intense root tip
activity in 1989 (especially in Kootwijk after the dry periods) suggests it was greater
in 1989 than in 1988. However, in 1989 the average stem increment of the trees ob-
served at both sites did not decrease as a result of the necessarily greater demand
for assimilates in the root system.

Belowground carbon allocation

Few data are available on heartwood formation in coarse roots. Bottcher & Liese
(1975) presented data for Larch, where a substantial part of the coarse roots con-
sists of heartwood. In our calculations (Table 1), the carbon allocation patterns will
not change drastically if the assumption on sapwood: heartwood ratio is changed.

Chakravarty & Chatarpaul (1990) have shown that the shoot:root ratios of seed-
lings of Larix laricina decreased as mycorrhizal infection increased. Baas et al.
(1989) found that in fungal tissue of vesicular-arbuscular mycorrhizal plants the res-
piration rates were faster than in sterile root tissue, and more energy was needed to
take up nutrients. Mycorrhizae thus play a role in the carbon allocation patterns
and the functional equilibrium in plants. Considering the few mycorrhizae in our
stand (Jansen & de Nie, 1988) and the nature of our calculations, inclusion of fungal
respiration would not make the results more accurate.

In the carbon allocation to the total root system the amount of carbohydrates
needed for fine root growth is especially large. This means that the assumed annual
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fine root production strongly influences the estimate of the total belowground car-
bon allocation. It is difficult to measure fine root production in the field. Estimates
are usually based on sampling with a root corer at intervals of one month. The pro-
duction and mortality of fine roots is then calculated from differences in the amount
of biomass and necromass in these samples. Singh et al. (1984) and Kurz & Kim-
mins (1987b) have shown that this can cause over- or underestimation of the actual
productivity.

Santantonio (1989) proposed using aboveground stand performance to calculate
the total carbon allocation to the root system. In his approach, which is based on
literature data, the percentage of the total primary production in a stand allocated
to the root system depends on the amount allocated to the stem. This relation is esti-
mated in a simple regression model, and it describes changes to the shoot:root ratio
induced by site quality.

From the approach of Santantonio (1989) and calculations according to this prin-
ciple with data from the ACIFORN Douglas-fir stands (results not shown), the con-
clusion is that the average annual turnover of fine roots in this study does indeed
agree with our assumption that the annual production of fine roots is equal to the
fine root biomass in early summer.

Usually, there are fewer fine roots at more productive sites (Kurz & Kimmins,
1987a; Vogt et al., 1987; Walters & Reich, 1989). Irrigation and fertilization also
result in fewer fine roots (Linder & Axelsson, 1982). This conclusion could also be
drawn in these two study sites (Olsthoorn, 1991). This means that the total carbon
allocation to the fine roots in Kootwijk is larger than in Speuld, even if there is some
uncertainty in our estimation of the annual production of fine roots. The carbon al-
location to the coarse roots shows the opposite picture: smaller in Kootwijk than in
Speuld, because of its relation to aboveground growth rates. This is to be expected,
because the coarse root system has the same function as the stem: support and
transport of solutes, whereas the fine roots serve as an interface for the uptake of
water and nutrients.

According to Brouwer (1983), the shoot:root ratio in herbaceous plants is fairly
stable if the growing conditions remain constant. In forest soils in the Netherlands,
however, nitrogen availability has changed because of atmospheric deposition and
instead of being limiting it is now excessive (van Breemen et al., 1982; Mohren et
al., 1986; Huttl, 1990; Kazda, 1990; van den Burg, 1990). This means that shoot
growth is stimulated, whereas the allocation to the fine roots is decreased (Linder &
Axelsson, 1982). As a result of nitrogen deposition, the coarse root biomass has in-
creased concomitantly with stem biomass. However, because the fine root biomass
is the major destination for the carbohydrates, it is concluded that nowadays the
carbon allocation to the root system is less than it was before nitrogen availability
increased because of intensified factory farming in the Netherlands (van den Burg
& Kiewiet, 1989). This partially explains why nitrogen fertilization results in in-
creases in aboveground tree growth.

When fine root biomass decreases, the fine root density also decreases. As a re-
sult, functional equilibrium of the shoot:root ratio (the ratio of needle biomass to
fine root biomass) shifts considerably. The stimulated aboveground growth does
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have a drawback: the capacity for uptake is reduced whereas the demand for water
and nutrients of the aboveground biomass has increased. This may enhance the
stands susceptibility to drought and deficiencies of nutrients other than nitrogen.
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