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Abstract: The aims of this study were to investigate the effect of nitrogen (N) fertilisation on the below-

ground carbon (C) translocation by lettuce and the CO2 efflux from its rhizosphere. Two N fertilisation

levels (80 and 160kg Nha�1) and two growth stages (43 and 60 days) were tested. 14C pulse labelling of

shoots followed by 14Cmonitoring in the soil, roots,microbial biomass and CO2 efflux from the soil was

used to distinguish between root-derived and soil organic matter-derivedC. The 14C allocation in the

below-ground plant parts was 1.5–4.6 times lower than in the leaves. The total quantity of C

translocated into the soil was much lower than in the case of cereals and grasses, amounting to 120 and

160kg Cha�1 for low and high N respectively. N fertilisation diminished the proportion of assimilated C

translocated below ground. About 5–8% of the assimilated C was respired into the rhizosphere. Root-

derived CO2 (the sum of root respiration and rhizomicrobial respiration) represented about 15–60% of

the total CO2 efflux from the planted soil. Two peaks were measured in the 14CO2 efflux: the first peak

(4–5h after labelling) was attributed to root respiration, whilst the second peak (12h after labelling) was

attributed to microbial respiration of exudates. Twelve days after labelling, 0.15–0.25% of the

assimilated C was found in the microbial biomass. The higher microbial activity in the lettuce

rhizosphere doubled the soil organic matter decomposition rate compared with unplanted soil.
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INTRODUCTION
Plant residues are the main source of organic carbon in

the soil. Many investigations have been carried out to

estimate both the quantity and quality of above- and

below-ground plant residues, their decomposition in

the soil1–3 and their humification.4 In contrast, there is

a lack of knowledge about carbon (C) input into the

soil via root exudates during plant growth. Methodo-

logical difficulties and problems such as the rapid

microbial decomposition of both exudates and fine

dead roots are responsible for this deficiency. The CO2

from exudates is released from the soil along with that

derived from decomposing soil organic matter (SOM),

and these two sources cannot be differentiated.

Pulse5,6 or continuous labelling of above-ground

plant parts has frequently been used to distinguish

between humus-derived and root-derived CO2 and to

quantify rhizodeposition.7–9 Pulse labelling, compared

with continuous labelling, has the advantage of being

easier to handle, provides more information on the

recent photosynthate distribution at specific develop-

mental stages of plants, and can be used for kinetic

investigations of 14CO2 evolution from the soil. The

results obtained by pulse labelling correspond to the

relative distribution of assimilated C at the moment of

labelling. The distribution of labelled C does not

correspond to the distribution of total unlabelled C in

different plant parts, but rather to the product of total

C in the plant part and its growth rate at the moment of

labelling. In the case of continuous labelling, the total

amount of assimilated C is known. In addition, the

distribution of labelled C corresponds to the distribu-

tion of totalC, as long as it was applied from first leaf

emergence to harvest time (the specific 14C activity or
13C abundance is equal in all plant parts; isotopic

effects are not considered here). Therefore continuous

labelling is particularly appropriate for the estimation

of the amount of total C transferred by the plant into

the soil and below-ground pools during the labelling

period. Continuous labelling is also useful for the

differentiation of root-derived and SOM-derived CO2.

Continuous labelling requires special equipment for

exposing the plants over a long period to 14CO2 with

constant 14C specific activity or to 13CO2 with 13C

enrichment. In addition, the air temperature and

moisture conditions must be controlled inside the

labelling chamber. These facilities are expensive and

limited to a few places in the world.

Experiments using C isotopes showed that, on

average, about 10–17% of the gross C assimilation of
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plants was respired from the rhizosphere within a few

days of assimilation.6,8,10 The different components of

rhizodeposition have been quantified in arable11,12

and grassland13,14 soils. Related knowledge about the

rhizodeposition of vegetable crops is relatively poor

and, generally, root mass is measured after washing

out the soil from samples.15,16 This procedure does

not consider either exudates or root lysates and, in

addition, significant amounts of fine roots and root

hairs are lost during the washing procedure.

Most investigations on below-ground C translo-

cation have been on cereals and pasture plants.6,17

Consequently, there is a lack of information about

vegetable crops. When compared with arable crops,

most vegetables are very intensive crops and are

characterised by higher plant matter production per

unit time and unit area. Therefore differences in the

distribution of assimilates compared with arable crops

may be expected. For this reason, our investigations

were carried out with lettuce, a typical representative

of leaf vegetables that is harvested during the

vegetative stage and characterised by a good response

to mineral nitrogen (N) fertilisation. The aims of this

research were to compare the distribution of assim-

ilates in lettuce with that found in arable crops and, in

so doing, to identify the components of rhizodeposi-

tion, quantify the C translocated into the soil, estimate

the soil CO2 efflux and, finally, evaluate any effect on

the turnover of soil organic matter.

MATERIALS AND METHODS
Experiment design
We studied the C rhizodeposition and root respiration

of lettuce (Lactuca sativa L) grown on a sandy Gleyic

Cambisol by means of 14CO2 pulse labelling of shoots

at two development stages (43 and 60 days), following

the application of two N fertilisation levels (80 and

160kg Nha�1). The experiment was conducted under

controlled laboratory conditions. Four replications of

each variant were used.

Soil
The soil, collected from the Ap-horizon of a long-term

experiment in Großbeeren (52°21’N, 13°17’E), south

of Berlin, had been fertilised annually with 30tha�1

manureþNPK over the previous 13 years. It is

classified as a sandy Gleyic Cambisol18 with 4.6%

clay, 9.9% silt, 88.5% sand, 1.45gcm�3 soil density,

19.2% w/w field capacity, 4.5% w/w permanent

wilting point, 0.75% organic C, 0.076% total N and

a pH of 6.4. More information on the soil type, the

long-term experiment, fertilisation and vegetable crop

rotation is given by Richter.19 After sampling, the soil

was air dried, homogenised and sieved (<2mm

screen) prior to the experiment. Each pot for plant

growing was filled with 2kg of air-dried soil to a bulk

density of 0.9gcm�3.

Growing conditions
One seed of lettuce (Lactuca sativa L, var Libusa RZ)

was grown in each chamber (see below). The plants

were grown at 27�1°C day temperature and 22�1°C
night temperature, with a day length of 14h and a light

intensity of approximately 400mmolm�2s�1 at the top

of the canopy. The soil water content of each chamber

was measured gravimetrically and adjusted daily to

about 70% of field capacity with deionised water.

Nitrogen fertilisation was applied as KNO3 aqueous

solution. Two levels of N fertilisation were tested: low

(26.6mgNkg�1) and high (53.2mgNkg�1) (corre-

sponding to total fertilisation of 80 and 160kg Nha�1

respectively). According to the growth covering Nmin

target values of the system named ‘KNS’ and used for

timing and quantification of N fertilisation rates in

commercial vegetable production in Germany, the N

content of the total plant fresh matter (60tha�1) of

field-grown lettuce is about 100kgha�1.20 The plants

for the first labelling were fertilised in two applications

➤

➤

➤

➤

Table 1. Plant height and growth stage at various
days after sowing of lettuce subjected to 14C
labelling and N application

Days after sowing

35 42 43 50 55 60 72

Plant height (cm) ND 12 ND 15 16 19 ND

Growth stage (BBCH code)a 13 15 15 17 19 41 42

Growing time

N application (kg Nha�1)b 20/40 20/40
14CO2 labelling in first stage 14CO2 X

Growing time

N application (kg Nha�1)b 20/40 20/40 20/40 20/40
14CO2 labelling in second stage 14CO2 X

ND, not determined.
a The BBCH code of vegetable crops is a detailed crop-specific description of the phenological growth

stages within the general BBCH scale of agricultural plants and weeds.46,47 The phenological

development of vegetables is divided into principal growth stages; each growth stage is subdivided

into secondary growth stages. A two-digit decimal code is assigned to each growth stage.
b Low/high N level.

X, end of the experiment (at which time the plants and soil are sampled).
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and received only 40 and 80kg N in total. Half of the

final N amount was chosen because of the small

demand of young plants. The plants for the second

labelling received the full level of N fertilisation in four

applications during the experiment (Table 1).

To compare total unlabelled CO2 evolution with

and without lettuce, soil without plants was also

incubated in the same pots, under the same conditions

and with the same two levels of N fertilisation.

Chamber and labelling
The labelling apparatus consists of a two-compart-

ment plexiglass chamber with a lower part (138mm

diameter, 150mm height) for the soil and plant roots

and an upper part (138mm diameter, 300mm height)

for the shoots and 14CO2 generation (see extended

description of the labelling chamber by Kuzyakov et
al13,21). The two parts are separated from each other

by a plexiglass lid with a drill hole (diameter 8mm) for

plants. One day before labelling, each hole containing

a plant was sealed with a two-component silicon paste,

NG 3170 (Fa Thauer & Co, Dresden, Germany). The

seal was tested for air leaks by pumping air into the

container with a peristaltic pump, with a wash flash

between the pump and the container. If there were no

air bubbles in the wash flash, then the container was

accepted as being airtight.

Labelled 14C as Na2
14CO3 (580kBq) aqueous

solution was placed in a 2ml Eppendorf micro test

tube in the upper compartment of the chamber, then

the chamber was closed. A 1ml aliquot of 2.5M H2SO4

was added to the Na2
14CO3 solution in the micro test

tube through a Teflon pipe in the upper chamber part.

This allowed complete evolution of 14CO2 into the

chamber atmosphere. Ten hours after labelling, the air

from the upper chamber was pumped through NaOH

solution to remove the unassimilated 14CO2. The 14C

activity found in this NaOH trap was defined as ‘14C

not assimilated’ (see below). Then the top of the

chamber was removed. The plants were labelled on

days 43 and 60 after sowing (Table 1). Plants in

different chambers were used for the first and second

labellings. Complete descriptions of the two-compart-

ment chambers and details of the 14C labelling

procedure are given by Kuzyakov et al. 13,21

Microbial biomass C and 14C
The microbial biomass C was determined by a

fumigation–extraction method.22 Fumigated and

non-fumigated soil samples were extracted with 0.5M

K2SO4 for 30min (soil/K2SO4 solution 1:2) and

filtered. An aliquot of K2SO4 solution was analysed

for organic C using C/N analyser Dimatoc-100

(Dimatec Co, Essen, Germany). The 14C of another

aliquot was determined by scintillation counting. The

additional oxidisable C and 14C counts obtained from

the fumigated soils were taken to represent the

microbial C flush and converted to microbial biomass

C using the relationship23

microbial C ¼ 2:34 � C flush

The same factor (2.34) was used for N and newly

incorporated 14C. Analyses of microbial biomass C

and labelled 14C were replicated four times for each

soil–root column.

Chemical and 14C analysis
During the experiment the total and labelled 14CO2

respired from plant roots and micro-organisms was

pumped from the root compartment into a vial

containing 20ml of 0.5M NaOH. The NaOH trap

was changed every 2h immediately after 14C labelling.

This period increased during the experiment, and by

the end of the experiment the NaOH trap was changed

twice a day. In total, the NaOH trap was changed 30

times during 12 days of monitoring of the 14CO2

efflux. The quantity of CO2-C derived from the root

compartment and absorbed in NaOH was estimated in

one aliquot (10ml) by titration with 0.2M HCl against

phenolphthalein.24

Twelve days after each 14C labelling, the shoots,

roots and soil were destructively sampled. The soil was

mixed and divided into three aliquots. The roots were

separated from the soil by washing one subsample

through a 0.5mm sieve. The second and third

subsamples were analysed for microbial biomass C

and for chemical and 14C parameters. Leaves, washed

roots and soil were dried at 60°C. The organic C

content of dried soil and plant samples was estimated

by a C–N analyser (Carlo Erba, Milan, Italy) on

duplicate samples.

The 14C activity of the NaOH solution was

measured by scintillation counting (b-Spectrometer

Tri-Carb 2000CA, (Canberra Packard Co Ltd,

Frankfurt/M, Germany) using the scintillation cocktail

Rothiscint 22x (Roth Company, Karlsruhe, Ger-

many). The mixture ratio between the cocktail and

the NaOH was 7:1. All 14C measurements were made

after the decay of chemiluminescence.

The 14C activity of soil and plant samples (1 and

0.2g respectively) was determined after combustion

(2min) in an Oxidiser-Unit (Model 307, Canberra

Packard). The CO2 produced was directly trapped in

the scintillation cocktail Permafluor Eþ (Canberra

Packard), followed by the measurement of 14C

activity. All 14C measurements were standardised to

absolute 14C activity using a quench curve corre-

sponding to the method of Two-Channel Ratio of

Extended Standard (tSIE, Canberra Packard). The

quench curve was produced using NaOH solution as a

quencher. The efficiency of radioactivity measurement

was between 88 and 90%.

Calculations and statistical analysis
The 14C activity, the C efflux from the soil, and the C

allocation in different pools were expressed as a

percentage of the total assimilated 14C. The total
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assimilated 14C (14Cass) was defined by the expression

14Cass ¼14Cin �14Cnass �14Cr ð1Þ

where 14Cin is the 14C input activity, 14Cnass is the non-

assimilated 14C, and 14Cr is the remaining 14C activity

in the Eppendorf micro test tube.

The C amount for different flows has been

calculated using the equation

Cflow
amount ¼ Cshoots � 14Cflow = 14Cshoots ð2Þ

where Cflow
amount is the C amount in the investigated

compartment (ie roots, C allocated below ground,

root-derived CO2) (gm�2), Cshoots is the C amount in

the shoots (gm�2), 14Cflow is the percentage of 14C in

the investigated flow (% of assimilated 14C) and
14Cshoots is the 14C content in the shoots at 8 days

after labelling (% of assimilated 14C).

For all calculations the amount of C in the shoots

(Cshoots) was chosen as reference. This selection was

made because the shoot mass and the 14C incorpora-

tion in the shoots can be measured more accurately

compared with all other compartments of the system

(roots, CO2, soil, etc). The C pools and C fluxes per

pot were calculated per ha by considering the soil

surface area of the experimental pot and the density of

10 plants per m2.25 The parameters Cflow
amount,

14Cflow

and 14Cshoots were taken from the experimental results

and were different for each development stage and N

fertilisation rate investigated. We calculated with this

method the total below-ground C translocation and

the amount of rhizosphere-derived CO2. Saggar et al26

and Kuzyakov et al13,21 have previously used the same

method for the estimation of total below-ground C

translocation. Comparison of this calculation method

based on 14C pulse labelling with a more precise

method based on the 13C natural abundance shows the

same results for the estimation of root-derived CO2.
27

The pulse labelling calculation method allows only a

rough estimation of the C amount passed through each

flow, because the parameters in eqn (2) are not

constant during plant development. As a result, this

calculation method can be used only after complete
14C distribution in the plant and the achievement of

the stage near to equilibrium. Warembourg and

Estelrich28 have shown that an allocation period of

about 1 week is sufficient to give a reliable estimation

of the dynamics of C flow in the rhizosphere. However,

our results for C flow amounts calculated on the basis

of pulse labelling must be interpreted with care

because of the interpolation between labelling periods.

The priming effect in the rhizosphere soil was

calculated as the difference in CO2 efflux derived

from microbial decomposition of SOM between

containers with and without lettuce. The CO2 efflux

derived from decomposition of SOM in containers

with lettuce was calculated as the difference between

the total CO2 efflux and the calculated root-borne

CO2 according to the ratio in eqn (1).

The 14C data as percentages of total assimilated

carbon and the allocation of C in different pools were

analysed by variance (MANOVA) to determine the

statistical significance of N fertilisation and plant

growth stage. The dependent variables were the

above- and below-ground 14C, the total C translocated

below ground, and the 14CO2 efflux from the soil. The

significance of differences was determined by an LSD

test with p40.05.

RESULTS AND DISCUSSION
Below-ground C translocation of lettuce
Lettuce assimilated more than 95% of the supplied
14CO2 during the first 10h of exposure, and assim-

ilates were quickly translocated within the plant. The
14CO2 in the root compartment of the chamber was

detected 1h after 14CO2 labelling. Fast translocation

of assimilated carbon into the roots, followed by

respiration as CO2, has also been estimated for winter

wheat and rye,5 wheat and barley,10 maize,29 rye-

grass13,21 and soybean.30

According to the 14C activity, the incorporation of

carbon into the leaves was 1.5–4.6 times higher than

below-ground translocation (Fig 1). The total C

amount in shoots and roots is presented in Table 2.

At day 60 the incorporation of carbon into the leaves

was on average about two times higher than that of the

below-ground portion. Between days 43 and 60 the

proportion of assimilated 14C found in the leaves

decreased from 36.3 to 20.6% irrespective of N level,

and in the roots increased from 1.5 to 3.6% and from

1.5 to 5.1% at high and low N levels respectively. In

contrast, Swinnen et al8 estimated an increasing C

Figure 1. Effect of plant age and N fertilisation on relative distribution of
photosynthetic assimilates by lettuce.
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incorporation into the leaves and a decrease into the

roots during the growth of wheat. Translocation

dynamics similar to the results of this study was found

for ryegrass growth.13 Both the ryegrass13 and the

lettuce in this study were harvested during the fast

vegetative growth stage. In contrast, most cereals were

harvested at the end of plant growth, and generally in

the reproductive stage. For this reason, the measured

differences in the C translocation pattern between

lettuce and cereals such as wheat may be related to the

stage of growth at which the plants were labelled and

harvested.

Our results suggest that the influence of nitrogen

fertilisation on the relative carbon incorporation into

the leaves was not significant by day 43. Although the

absolute amount of C translocated into the roots was

higher at high N (see below), the relative C incorpora-

tion into the roots was higher in the low-N treatment

than at the high N level. This difference was only

significant for the second growth period of lettuce (late
14CO2 exposure; 5.1 and 3.6% of assimilated 14C

activity at low and high N levels respectively). The same

effect of low N fertilisation rates has been observed for

arable crops31 and pasture plants.21,28,32 The N

depletion in the soil leads to an increased below-ground

translocation of assimilates for additional root growth

(relative to assimilated C), as well as for the energy

necessary for N acquisition by the roots and for nutrient

mobilisation from the SOM (see below).

A higher proportion of total assimilated C translo-

cated into the soil was measured at the low N level.

However, the plants at the high N level have a higher

total productivity and assimilation intensity compared

with the plants at the low N level. As a result, the low-

N-fertilised plants led to a smaller release of plant C

input into the soil than that of high-N-fertilised plants.

Total C input into the soil by lettuce
Traditionally, methods for estimating the quantity of

root-derived organic C in the soil are characterised by

the loss of the smallest roots, root tips and root

exudates during the washing procedure. Labelling

with 14C allows the estimation of the total quantity of

C translocated from the plant into the soil. We

calculated the C input into the soil before root

washing. Pulse labelling allowed only a rough assess-

ment of 14C translocation during plant growth,

because the patterns of assimilate distribution and

the specific 14C activity of the different plant pools can

change (see above). This should be taken into

consideration when extrapolating the amounts of C

translocation calculated using pulse labelling.

We calculated that lettuce translocated about 120–

160kg Cha�1 into the soil during the 60day cultiva-

tion period (Fig 2). A decrease in the relative C

translocation by increased N fertilisation (Fig 1) was

overcompensated by the higher total plant matter

production of fertilised plants. The result was that

plants fertilised with the high N level translocated

more C into the soil compared with plants grown at the

lower N level (Fig 2). This corresponded to the 1.3

times higher total above-ground mass production of

plants fertilised with 160kg Nha�1 than that of plants

fertilised with 80kg Nha�1.

According to our calculation, the amount of C

translocated into the soil was 7–10 times lower in

lettuce (120–160kg Cha�1) than in arable crops (200–

2900kg Cha�1 year�1).6,17,33 This is caused by the

short growing period of lettuce in our experiment (only

60 days) and the relatively low plant matter produc-

tion, as well as the different C translocation patterns.

Ruehlmann and Ruppel34 calculated the C transloca-

tion into the soil by field-grown vegetables using a

model describing long-term changes in the soil organic

matter content. The estimated values this model gave

for vegetables with a mean growing period of 120 days

per year was a translocation of 1400–2900kg Cha�1

year�1 over a period of 25 years. These values are

similar to those of arable crops mentioned above.

The second labelling with calculation of the C input

into the soil was made 60 days after sowing, 12 days

before the end of the experiment. Each lettuce plant

had a dry mass of 10 and 13g at low and high N levels

respectively, corresponding to 400 and 520kg Cha�1

in the above-ground plant matter. The amount

(120–160kg Cha�1) calculated as translocated into

the soil was about 23% of the net fixed C and was

independent of the N treatment. In the long-term field

experiment with vegetables it was observed that

between 23 and 38% of the net fixed C was

translocated into the soil.34 Both the amount and the

proportion of C translocated into the soil increased

when the soil texture became coarser; and the soil

Table 2. Effect of plant age and N fertilisation on above-
ground and below-ground biomass of lettuce (g C m�2)

43 days 60 days

LSD 5%Low N High N Low N High N

Shoots 15.26 15.33 40.70 52.94 3.07

Roots 4.35 4.13 10.65 13.86 1.25

Figure 2. Total carbon input into soil by lettuce as a function of plant age
and N fertilisation rate.
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organic matter content increased. Probably both

effects are the result of a higher microbiological

activity in sandy soils than in more heavily textured

soils.35,36

Total CO2 efflux from the soil
The carbon dioxide efflux from a planted soil consists

of the following components:

(1) root-derived CO2, which includes the contribu-

tion of root respiration and the CO2 produced by

micro-organisms decomposing exudates,

sloughed root cells and fine roots;

(2) SOM-derived CO2, which includes the CO2

resulting from the oxidation of SOM that is the

basal respiration of the bare soil, and that derived

from the decomposition of SOM due to increased

microbial activity in the rhizosphere soil.

It is generally difficult to quantify the individual

components of the total CO2 efflux from a cropped

soil. The coupling of 14C labelling of plants, simula-

tion of C fluxes, and comparison of the CO2 efflux

from planted and unplanted soils could be one way of

solving this problem. We found that 5–8% of the

assimilated C was respired in the rhizosphere over 12

days after assimilation, and this percentage corre-

sponded to a daily CO2 efflux from the soil ranging

from 0.44 to 2.20kg C-CO2ha�1day�1. From 15 to

60% of the total CO2 efflux from the planted soil was

root-derived (Fig 3), corresponding to the sum of root

respiration and microbial decomposition of roots and

exudates. Consequently, the proportion of lettuce-

derived CO2 in the total CO2 efflux was comparable

with that of other arable plant species.13 It must be

considered that the humus-derived CO2 was relatively

low in this particular experiment, because the content

of organic carbon in the soil was low (0.75%).

Separating root respiration and microbial
respiration of rhizodeposits
The estimation of the aforementioned individual

components of rhizosphere CO2 is limited by the

methods available. Only a few experiments have tried

to separate the contribution of root respiration from

the rhizomicrobial respiration in situ.5,13,37,38 Most

root exudates are easy decomposable and contribute to

the C turnover in the soil, especially by increasing

microbial activity in the rhizosphere soil. In contrast,

CO2 originating from root respiration cannot be

utilised by the next trophic level and does not affect

the turnover of organic matter, since it is energy-poor.

Nevertheless, CO2 originating from root respiration is

part of the total CO2 evolution from the soil and makes

the determination of CO2 due to the microbial

decomposition of organic substances difficult.

Root and rhizomicrobial respiration were separated

by using a model describing the CO2 efflux from the

rhizosphere, based on the assumption that different

components of the total CO2 efflux predominate

during different periods after pulse labelling.13,21

The model, assumptions and parameter estimation

were described in detail earlier.13,39 The most rapid

process is the CO2 efflux from root respiration, which

predominates on the first day after labelling (Fig 4).

The CO2 evolved due to microbial respiration of root

exudates occurs later than root respiration owing to

the sequence of processes involved, including root

exudation, uptake of root exudates and then decom-

position by micro-organisms. This hypothesis is

supported by the data in Fig 4: two peaks of the
14CO2 efflux were measured during the first day after

labelling. The microbial respiration of root exudates

comprised the main source of root-derived 14CO2 at

12h after labelling and predominated during the

second and fifth days. The microbial respiration of

dead roots is a slow process and, at the time scale used

in this study, its contribution to the total 14CO2 efflux

from the soil may be considered negligible in the first

few days after pulse labelling. It was a predominant

source of 14CO2 after the fifth day (Fig 5) when the

decomposition of exudates is finished.

The small increase in the 14CO2 efflux intensity at

4h after the 14CO2 input by the first labelling (both N

levels) is not significant and may be interpreted as an

artefact (Fig 4). However, the maximum of the 14CO2

Figure 3. Partitioning of total CO2 efflux from planted soil into root-derived
and humus-derived CO2 efflux and priming effect.

Figure 4. Rate of 14CO2 efflux from soil as a function of plant age and N
fertilisation.
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efflux between 3 and 6h after the second labelling is

clear and significant. As such, we interpreted the first

maximum of the 14CO2 efflux as the peak from root

respiration, and the second as the peak from rhizomi-

crobial respiration. It is interesting that the peak of

low-N-fertilised lettuce is much higher than that of

high-N-fertilised lettuce. It corresponds to the in-

creased loss of C by the roots at the low N fertilisation

level. Warembourg and Billes40 have reported a similar

behaviour of the 14CO2 efflux from the soil with wheat,

and Nguyen et al29 with maize. However, the first peak

in the 14CO2 efflux occurred earlier in our experiment

with lettuce, in comparison with the experiments with

wheat40 and maize,29 because of the forced ventilation

of the soil in the containers.

The modelling approach based on different stages of
14CO2 efflux after 14C pulse labelling allowed the

separation of 14CO2 derived from root respiration and

microbial respiration of exudates without soil sterilisa-

tion or other treatments. However, this approach can

be used only after pulse labelling. The fitted curve (Fig

5) and the separation of root respiration from

microbial respiration of root exudates and dead roots

confirm the assumptions. Only the data for the second

labelling are shown in Fig 5.

In order to separately calculate the total C amount

passed through root respiration and root exudation,

the cumulative CO2 amounts passed through root

respiration and microbial respiration by utilisation of

root exudates were calculated by Runge–Kutta inte-

gration. The integration was performed only until day

10 after labelling, ie until the last measurement of CO2

efflux from the soil. The calculated root respiration

ranged from 0.94 to 0.53% and the microbial

respiration of root exudates and dead root debris

accounted for 8.3–6.0% of the assimilated 14C for low

and high N levels respectively. Thus the estimated

contribution of root respiration to the total 14CO2

efflux from the rhizosphere fluctuated from 8 to 10%,

which is smaller than reported earlier.5,21 However,

these previous experiments lasted only 4h and 8 days

respectively, compared with 12 days for the current

study. According to the assumption that root respira-

tion finishes 1day after labelling, prolonging the
14CO2 monitoring period increases the contribution

of microbial respiration and decreases the percentage

of root respiration.

Incorporation of rhizodeposits into microbial
biomass
The microbial decomposition of easily available

organic substances in the soil is a very fast process,

and it is more rapid in the rhizosphere than in the bulk

soil because of a larger and more active microbial

biomass. In addition, the concentration of easily

available substrates is higher in the rhizosphere than

in the bulk soil. The high microbial activity in the

rhizosphere may lead to the lower absorption of

exudates on clay surfaces and organic colloids than

in the bare soil. Therefore the exudates in the

rhizosphere are less physically protected than in the

bulk soil. In this experiment it was not possible to

measure the dynamics of microbial activity, microbial

biomass and 14C incorporation throughout. For this

reason, analyses were carried out at the end of each
14CO2 monitoring period after harvesting, 55 and 72

days after sowing (Table 1).

Microbial biomass C increased 2–3 times at the

second harvest (Fig 6(a)) and corresponded to the

higher amount of roots on day 72. Higher N

fertilisation also led to an increase in microbial

biomass at the second harvest. The microbial biomass

C was enhanced from 48 to 73mg Ckg�1 in the soil by

the addition of 80kg Nha�1. This was most likely due

to the increased below-ground C translocation in

lettuce (see above), which corresponded to the

increase in root mass at the high N fertilisation rate.

Similar increases in biomass at higher levels of N

fertilisation were found in the rhizosphere of maize,41

but not for wheat.42

In contrast, the proportion of 14C in the microbial

biomass was higher at the lower N fertilisation rate

(Fig 6(b)). This different behaviour of microbial

biomass C and microbial biomass 14C during plant

growth was significant during the second labelling

period. The higher microbial 14C content corre-

sponded with the higher 14C total below-ground

translocation of less fertilised plants (Fig 1). Addi-

Figure 5. Partitioning of 14CO2 efflux from soil into root respiration and
microbial respiration of rhizodeposits by using modelling approach:23,24 (a)
low N fertilisation rate; (b) high N fertilisation rate.
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tionally, the higher microbial biomass in highly

fertilised soil (Fig 6(a)) may have led to more complete

microbial utilisation of labelled exudates. Ladd et al43

pointed out that faster turnover rates would result in

lower microbial 14C accumulation. The increased 14C

incorporation into the microbial biomass by N

fertilisation measured in some other studies was

estimated using continuous labelling techniques,41,42

in contrast to the pulse labelling used in our study. The

plants fertilised with the high N level grew faster, had a

larger leaf area and assimilated more CO2 compared

with plants grown at the low N level. Therefore the

total C translocated into the rhizosphere by high-N-

fertilised plants is higher and the dilution of labelled
14C introduced into the system only once by un-

labelled C is also higher. This can lead to the decrease

in 14C content of the microbial biomass.41,42

C priming effects due to rhizodeposition
Along with the direct contribution of the roots to the

total CO2 efflux from the soil, an indirect priming

effect due to increased microbial activity in the

rhizosphere can lead to additional microbial decom-

position of the SOM. As mentioned before, microbial

biomass and microbial activity are higher in the

rhizosphere than in the bulk soil or the bare soil.5,7

The increased microbial activity in the rhizosphere

may either accelerate or retard the decomposition of

SOM. Acceleration can result from additional nutrient

mobilisation from the soil organic matter, while

retardation can occur because of the competition for

limited nutrients (eg N) between plant roots and

micro-organisms in the rhizosphere or because of the

microbial biomass switching from the decomposition

of SOM to the decomposition of easily available root

exudates. These kinds of interactions between SOM

turnover and decomposition of root exudates belong

to the phenomenon known as a priming effect.44

Knowledge of the interactions between roots and

micro-organisms, especially in the rhizosphere, is

limited and seldom reflected in the literature.11,13,45

We estimated the priming effect by calculating the

difference in the humus-derived CO2 efflux from

cropped and non-cropped soils (Fig 3). The humus-

derived CO2 efflux from soil with lettuce was

calculated as the difference between the total CO2

efflux and the root-derived labelled 14CO2 (Fig 3).

Cropping the soil with lettuce led to a 1.5–3.0 times

faster decomposition of SOM (Fig 3), and this

additional CO2 efflux corresponded to 0.5–1.8kg

CO2-Cha�1day�1, depending on the age of the

lettuce and the level of N fertilisation. Assuming a

C/N ratio of 10 in the different fractions of the soil

organic matter, the net N mineralisation ranged from

0.05 to 0.18kg Nha�1day�1; quantities that can be

sufficient to satisfy the lettuce N needs, since we have

estimated that the mean daily N demand of young

lettuce plants is about 0.14kg Nha�1day�1. Priming

effects can be real or apparent.44 The most important

mechanism for real priming effects is the acceleration

of soil organic matter turnover due to increased

activity or amount of microbial biomass.44 Isotopic

exchange, pool substitution and different uncon-

trolled losses of mineralised N from the soil are

responsible for apparent N priming effects.44 In this

study a real priming effect was measured, because it

occurs owing to increased microbial activity in the

rhizosphere compared with soil without plants. The

additional C mineralisation due to the priming effect

was low because of the low SOM content in the soil

used and the small amount of C deposition with

young lettuce. In comparison, the positive priming

effect of other plant species characterised by a well-

developed root system and grown on soils rich in

organic matter was much higher than that calculated

in our study. Kuzyakov et al13 estimated a positive

priming effect of 6kg Nha�1day�1 for perennial

ryegrass. Helal and Sauerbeck7 estimated a decrease

of 4–7% in the SOM content during the growth of

maize, due to root-affected microbial decomposition.

In contrast, measurements showed slow decomposi-

tion of SOM by cultivation of wheat using the 13C

natural abundance method.11 These contrasting

results may have been caused by the use of different

methods, and it may be worthwhile to compare both

methods in the same investigation so as to more

accurately evaluate the priming effect with respect to

plant nutrient supply.

Figure 6. (a) Soil microbial biomass C and (b) plant-assimilated C
incorporated into soil microbial biomass as a function of plant age and N
fertilisation.
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CONCLUSIONS
The observed results show that the total amount of C

translocated by lettuce into the soil is much lower than

in the case of cereals and grasses. About 5–8% of the

assimilated C was respired as CO2 in the rhizosphere

during 10 days after assimilation. This corresponded

to a daily CO2 efflux from the soil of 0.44–2.20kg

Cha�1day�1, depending on the growth stage and N

fertilisation rate. Root-derived CO2 represented about

15–60% of the total CO2 efflux from the planted soil.

Two peaks were measured in the 14CO2 efflux: the first

peak (4–5h after labelling) was attributed to root

respiration, whilst the second peak (12h after label-

ling) was attributed to microbial respiration of

exudates. Twelve days after labelling, 0.15–0.25% of

the assimilated C was found in the microbial biomass.

The higher microbial activity in the lettuce rhizosphere

doubled the soil organic matter decomposition rate

compared with unplanted soil. The lettuce plants

provoked a real priming effect that reached 0.05–

0.18kg Nha�1day�1 depending on the plant age, with

a tendency to be enhanced by higher N fertilisation.
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