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Summary

It is well-known that the C/N ratio of plant residues can influence
soil nutrient availability, but the effect of repeated addition of plant
residues with different C/N ratio is less explored. In previous stu-
dies, we showed that nutrient availability and soil respiration after
the second residue addition is influenced not only by the C/N ratio of
that residue, but also by the C/N ratio of the previously added residue.
These experiments were carried out without plants and it was unclear
how the legacy effect would influence plant growth and nutrient up-
take. The aim of this experiment was to assess plant growth, nutrient
uptake and soil nutrient availability after the second residue addition
with different length of time between the first and second residue ad-
dition where the first and second residue had the same or a different
C/N ratio. High (H) or low C/N (L) residue was added at the start of
the experiment, the second residue with either the same or a different
C/N ratio was added on days 7, 14, 21 or 28 with a total residue addi-
tion of 20 g kg™! giving four residue treatments: HH, LL, LH and HL.
Wheat was planted immediately after the second residue addition
and grown for 28 days. N and P availability were measured on days 7,
14,21 and 28 and at plant harvest. Soil N and P availability after the
second residue addition were in the order HH<LH<HL<LL. Wheat
biomass generally did not differ between LL, HL. and LH, but wheat
in HL and LH had a lower shoot/root ratio than in LL suggesting that
in HL and LH the plants were able to compensate the lower nutrient
availability by increased root growth. In conclusion, the C/N ratio of
the previous residue addition influenced nutrient availability after the
second residue addition, but plant growth did not differ between HL,
LH and L because plants in the former developed a more extensive
root system and could therefore access the nutrients released during
decomposition of L even in treatments where both H and L were
present in the soil.

Keywords: Legacy effect; N availability, P availability; residue C/N
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Introduction

Nutrients in organic amendments are an important source of nutri-
ents for crops (FLAVEL and MURPHY, 2006; QUILTY and CATTLE,
2011). However, nutrient release cannot be predicted reliably because
decomposition of organic amendments and concomitant nutrient re-
lease are influenced by environmental factors such as temperature
and rainfall which influence microbial activity, soil properties such
as nutrient binding capacity and by residue properties, particularly
the C to nutrient ratio (QUILTY and CATTLE, 2011). Nevertheless
organic amendments are likely to used more frequently in the fu-
ture as inorganic fertilizer prices increase (CONYERS and MOODY,
2009; CORDELL et al., 2009; HARGREAVES et al., 2008; QUILTY and
CATTLE, 2011).

* Corresponding author

Decomposition rate and nutrient release are influenced by the chemi-
cal composition of organic soil amendments (TIAN et al., 1992b;
VANLAUWE et al., 1996a). Water-soluble organic C is quickly decom-
posed (HADAS et al., 2004), whereas decomposition of lignin is slow
(NWOKE et al., 2004). Nutrient concentration of the organic amend-
ment influences not only decomposition rate but also nutrient avail-
ability. For example, organic materials with C/N > 20 and C/P > 200
are decomposed more slowly than those with lower nutrient ratios
and result in at least temporary net immobilisation as microbes take
up N or P from the soil to satisfy their N and P demand (ENWEZOR,
1976).

These well-known principles are used to predict nutrient release
from organic amendments. However, quite often the actual amount
and timing of nutrient release differs from that predicted (FRESCHET
etal., 2012; RASHID et al., 2013; STRICKLAND et al., 2009). This sug-
gests that other factors also influence decomposition rate and nutrient
release. One such factor is previous management history of the soil,
which has been shown to influence soil physical properties, organic
matter content, nutrient availability and microbial community com-
position (LEWIS et al., 2014). (CARRILLO et al., 2012) found that in the
three weeks after the new litter addition, available N concentrations
were influenced by both the previous and new litter properties.

In two recent studies, we investigated the legacy effect of the previ-
ous plant residue C/nutrient ratio on the microbial activity, biomass
and nutrient availability after addition of a second residue with the
same or different C/nutrient ratio (MARSCHNER et al., 2015; NGUYEN
et al., 2016). In this context, the term legacy effect refers to the influ-
ence of the first residue on decomposition and nutrient release after
the second residue is added. When the second residue was added
three weeks after the first, available N and P concentrations 21 days
after the second residue addition decreased in the following order:
low following low C/N residue > low following high C/N residue
> high following low C/N residue > high following high C/N resi-
due (MARSCHNER et al., 2015). Thus, the previous high C/N residue
reduced available N concentrations after low C/N residue addition
compared to low C/N after low C/N residue. On the other hand, the
previous low C/N residue resulted in greater available N concentra-
tions after high C/N residue addition compared to high C/N follow-
ing high C/N residue. NGUYEN et al. (2016) found that when low C/N
was added after high C/N residue, the available N concentration after
the second residue addition was lower when the second residue was
added 10 days after the first than when the interval between residue
addition was 30 days. This indicated that the extent by which the
legacy effect influences nutrient availability is dependent on time be-
tween residue additions.

Our previous studies on the legacy effect were conducted without
plants. Therefore it was not clear if the legacy effect influences plant
growth and nutrient uptake and if this changes with time between
residue additions. The aim of the present study was to assess plant
growth, nutrient uptake and soil N and P availability after the second
residue addition with different length of time between the first and
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second residue addition. The hypotheses were: (1) N and P availabi-
lity after the second residue is influenced by the legacy effect, i.e.,
is lower when low C/N residue follows high C/N residue than if low
C/N residue follows low C/N residue; (2) the legacy effect on N and
P availability will decrease with time between residue additions; (3)
plant growth and N and P concentrations after the second residue
will be influenced by the legacy effect, i.e., will be greater if high
C/N residue follows low C/N residue than if high C/N residue follows
high C/N residue, and will be greater with low following high C/N
residue than with high following low C/N residue.

Materials and methods

Silt loam soil was collected from 0 - 15 cm at Waite Campus, The
University of Adelaide (34°58’S, 138°37’E). The area is in a semi-
arid region and has a Mediterranean climate with cool, wet winters,
and hot and dry summers. The soil is classified as Chromosol in
Australian soil classification (ISBELL, 2002), and a Rhodoxeralf in
US Soil Taxonomy (STAFF, 2014). The soil was managed for over
80 years in the Waite Long-term Rotation trial as permanent pasture.
It has the following properties: sand 70%, silt 20% and clay 10%, pH
(1:5 soil: water) 7.3, electrical conductivity (EC 1:5) 742 pS cm!,
total N 134 mg kg! and total P 461 mg kg™!, total organic C (TOC)
15 g kg'!, available N 15 mg kg'!, available P 32 mg kg!, maximum
water holding capacity (WHC) 327 g kg! and bulk density 1.3 g cm™.
After collection, the soil was dried at 40 °C in a fan-forced oven. In
summer, daytime temperatures often exceed 40 °C in the top soil and
soils are air-dry for several weeks, therefore this treatment is not un-
natural. After drying, visible plant debris was removed and the soil
sieved to < 2 mm.

Before the start of the experiment, the soil was pre-incubated for
10 days at 20 °C at 50% of WHC to reactivate the microbes and to
stabilise their activity after rewetting. This water content was chosen
because SETIA et al. (2011) found that microbial activity of a soil of
this texture was maximal at 50% WHC which was confirmed in our
recent study (MARSCHNER et al., 2015).

After pre-incubation, 400 g moist soil was filled into plastic pots
lined with plastic bags. Throughout the experiment the soil water
content was maintained at 50% water holding capacity by weigh-
ing the pots daily and adjusting the weight by adding reverse osmo-
sis (RO) water if necessary. In the period of rapid plant growth, soil
moisture was adjusted twice daily. The removal of soil for analysis
was considered when adjusting the water content.

Shoots of mature faba bean (Vicia faba L.) with C/N 60 were used as
high C/N residue, shoots of young kikuyu grass (Pennisetum clan-
destinum L.) with C/N 20 as low C/N residue (Tab. 1). After collec-
tion, the shoots were oven dried at 40 °C, ground and sieved to par-
ticle size 0.25 - 2 mm. Residues added to pre-incubated soil at a total
residue addition rate of 20 g kg™l

At the start of the experiment, either high (H) or low C/N residue (L)
was added (Tab. 2). In treatments where only one residue type was
added (HO, H7, H14, H21, H28, L0, L7, L14, L21 and L.28) 20 g kg'!
of H or L residue was added on day 0. In HLO, a 1:1 mixture of H and
L was added on day 0.

Tab. 1: Properties of low C/N (young kikuyu grass shoots) and high C/N
(mature faba bean shoots) residues (n=3 + standard error).

Low C/N High C/N
Total organic C (g kg™ 361%3 37243
Total N (g kg™ 177204 6.3%01
Total P (g kg™ 3.7%01 0.2%00
C/N ratio 20%! 60*!
C/P ratio 97+ 1585+87

Tab. 2: Treatments and plant growth period, where H represents high C/N
ratio residue and L low C/N residues. Shaded areas indicate plant
growth period.

Period (days) 0-7 8-14 15-21 22-28 29-35 36-42 43-49
Treatment Group*

H7 Rd7 H

H14 Rd14 |H

H21 Rd21 |H

H28 Rd28 | H

HL7 Rd7 H L

HL14 Rd14 |H L

HL21 Rd21 |H L

HL28 Rd28 |H L
L7 Rd7 L

L14 Rd14 |L

L21 Rd21 | L

L28 Rd28 | L

LH7 Rd7 L H

LH14 Rd14 |L H

LH21 Rd21 | L H

LH28 Rd28 | L H

*Group names are based on the day on which the second residue was added.

In the HL or LH treatments, the combination of letters indicates the
order in which the residues were added, i.e. H then L or L then H.
In these treatments, 10 g kg™! residue was added on day 0 and 10 g
kg'! of residue with the other C/N ratio was added on based on the
day on which the second residue was added, i.e. Rd7, Rd14, Rd21 and
Rd28 when the second residue was added on days 7, 14, 21 and 28. In
RdO, the second residue was added two hours after the first. At each
addition, the residues were thoroughly mixed into the soil. After ad-
dition of the second residue, pre-germinated wheat seeds (Triticum
aestivum L. cv Krichauff) were planted in all treatments of the group
(H,L,HL and LH) and thinned to four plants per pot after three days.
Pots were kept in a glasshouse with natural light in randomized block
design and watered regularly by weight. During plant growth in Rd0
and Rd7, temperatures in the glasshouse exceeded 35 °C during the
day. Although the pots were watered twice a day, the soil dried out
between watering events. In the other treatment groups temperatures
were lower and the soil water content could be maintained. In all
treatments, the plants were harvested 28 days after planting.

Except for Rd0, available N and P were determined every seven days
between the first and second residue addition and at plant harvest. On
sampling days where residue application coincided with soil samp-
ling, e.g. day 7 in H7 or L7, soil was sampled approximately three
hours after residue addition. For a given treatment, the last soil samp-
ling was conducted on the day the plants were harvested, 28 days
after planting.

Soil texture was determined using the hydrometer method (BOWMAN
et al., 2002). Soil maximum water holding capacity was measured
using a sintered glass funnel (HAINES, 1930). Soil pH and EC were
measured in a 1:5 (w/v) soil to reverse osmosis (RO) water ratio after
1 h end-over-end shaking. Total organic carbon of soil and plant resi-
dues was determined after (WALKLEY and BLACK, 1934). Available
N was extracted in 2 M KCI. Nitrate-N was measured in the filtered
extract as described in MIRANDA et al. (2001), NH4-N was deter-
mined according to WILLIS et al. (1996). Available N is the sum of
NO;-N and NHy-N. Available P was determined by the anion ex-
change method of KOUNO et al. (1995).

At harvest, plants were separated into shoots and roots which were
washed and then dried at 65 °C. For total N and P in soil and shoots,
the material was digested with H,SO, and a mixture of HNO; and
HCIOy, respectively. Total N was measured by a modified Kjeldahl
method (VANLAUWE et al., 1996b). Total P in the digest was measured
by the phosphovanado-molybdate method according to (HANSON,
1950). Shoot N and P uptake per pot was calculated by multiplying N
and P concentration by shoot dry weight. Shoot N and P uptake per g
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root was calculated as mg shoot N or P uptake divided by g root dry
weight.

Statistical analysis

The experiment was arranged in a randomized block design with
four replicates per treatment. Data was tested for normality and all
data was normally distributed. Data of available N, P and pH was
analysed by one-way repeated measures ANOVA for each group se-
parately. When the interaction between treatment and sampling time
was significant, post-hoc Tukey test was carried out on the treatment
x sampling time interaction (P < 0.05). Additionally, soil data for a
given sampling day was compared by one-way ANOVA across treat-
ment groups. Plant data (root, shoot weight, shoot/root ratio, shoot N
and P concentration etc.) was analysed by one-way ANOVA followed
by Tukey test.

Results

Available N and P

In treatments where high C/N residue (H) was added at 20 g kg'!
on day 0 (HO, H7, H14, H21 and H28), available N was low and did
not change over time (Fig. 1). However, it changed in the other treat-
ments. In RdO (residues added and wheat planted on day 0), available
N after residue addition and at harvest of wheat (day 28) in LO and
HLO (20 g kg™ as only L or 1:1 mixture of H and L) was ten-fold
higher in LO and four-fold higher in HLO than in HO (Fig. 1a).

In treatment group Rd7 (second residue added and wheat planted on
day 7, harvest of wheat on day 35), available N at harvest was highest
in L7 and lowest in H7 (Fig. 1b). It did not differ between HL7 and
LH7 where it was about 50% lower than in L7. Available N decreased
over time in treatments with L.

When the second residue added and wheat planted on day 14 (harvest
of wheat on day 42, treatment group Rd14), changes in available N
over time differed between L14, LH14 and HL14 (Fig. 1c). In L14,
which had higher available N than the other treatments on day 14 and

100

at harvest, available N increased from day 7 to day 14 about two-fold,
but then decreased by 75% to harvest. In HL14, changes in available
N over time were similar as in L14, but at a much lower level (about
50% lower). In LH14, available N was highest on day 7 and decreased
over time.

In treatment group Rd21 (second residue added and wheat planted
on day 21, harvest of wheat on day 49), available N did not change
between days 7 and 14 and was about 5-fold greater in L21 and LH21
than in H21 and HL21 (Fig. 1d). On day 21 (after addition of the
second residue in HL and LH) available N more than two-fold in L21
and eight-fold in HL21 than on day 14, but then decreased again to
harvest by about 50%. In LH21, available N decreased from day 14
to harvest.

In treatment group Rd28 (second residue added and wheat planted
on day 28, harvest of wheat on day 56), available N did not differ be-
tween days 7, 14 and 21 and was higher in L28 and LH28 than in H28
and HL28 (Fig. le). Compared to day 21, available N on day 28 (i.e.
after the second residue addition in HL and LH) was two-fold higher
in L.28 and four-fold higher in HL28, but then decreased again to
harvest with a greater relative decrease in LH28 than in L28 (by 30%
compared to 10%). In LH28, available N decreased by about 50%
from day 21 to day 28, but then remained unchanged until harvest.
In all treatments and groups, available P was highest at harvest
(Fig. 2). In RdO, available P n increased about five-fold from day O to
harvest and was highest in LO and lowest in HO (Fig. 2a). At harvest,
but not on day 0, available P was higher in HLO than HO.

In all other treatment groups, available P did not differ among treat-
ments on day 7 (Fig. 2). In Rd7 at harvest, when available P was up
to 10-fold higher than on day 7, it was two-fold higher in L7, HL7 and
LH7 than in H7 (Fig. 2b).

In Rd14, available P on day 14 (after the second residue addition in
HL and LH) compared to day 7 was four-fold higher in L14, three-
fold higher in HL14 and two-fold higher in LH14 (Fig. 2¢). On day
14 and at harvest available P was highest in L14 and lowest in H14.
Available P was similar in HL and LH and about 30% lower than in
L14.
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Fig. 1:

Available N concentration on days 7, 14, 21, 28 and at plant harvest 28 days after planting (indicated by P) in treatments with only high C/N residue

added (H), only low C/N residue added (L), high followed by low C/N (HL) or low followed by high (LH) where the second residue was added the
same day as the first (a) or 7 (b), 14 (c), 21 (d) or 28 (e) days after the first (Rd0, Rd7, Rd14, Rd21, Rd28) 7 (a), 14 (b), 21 (c) or 28 (d) days after the first
(Rd7,Rd14,Rd21, Rd28) (n=4 + standard error). Columns within a treatment group with different letters are significantly different (P< 0.05).
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Available P in Rd 21 was generally highest in L21 and lowest in H21
(Fig. 2d). On day 14, it was about 50% lower in HL21 than LH21, but
after the second residue addition in HL and LH on day 21, later avail-
able P differed little between the two treatments where it was at least
two-fold higher than in H21.

In Rd28, available P form day 14 was highest in L28 (Fig. 2e). On
day 14, available P was lower in HL.28 than in LH28, but the reverse
was true on day 28 (after addition of the second residue) and at har-
vest. In HL28 and LH28 available P was about 30% lower than L28
and two-fold higher than in H28.

The soil pH ranged between 6 and 6.8 and changed little over time
(data not shown). It tended to be highest after addition of H and low-
est after L amendment.

Wheat growth and nutrient uptake

Treatment differences were more pronounced in shoot dry weight
than total plant dry weight (Tab. 3). Shoot dry weight was always
lowest with only H added and highest with only L. added. Compared
to the treatment with only L added, shoot dry weight was 20-30%
lower in the two treatments with both L and H added (LH and HL).
Shoot dry weight was similar in HL and LH, except for Rd28 where
it was higher in LH28 than HL.28.

Root dry weight did not differ among treatments in Rd0, Rd7 and
Rd14 (Tab. 3). But in Rd21 and Rd28, root dry weight was lower in
treatments with only H and L than in HL and LH.

Total plant dry weight was lowest in the treatments with only H add-
ed and highest with only L added (Tab. 3). It was similar in LH and
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Fig.2: Available P concentration on days 7, 14,21, 28 and at plant harvest (indicated by P) in treatments with only high C/N residue added (H), only low C/N
residue added (L), high followed by low C/N (HL) or low followed by high (LH) where the second residue was added the same day as the first (a) or
7 (b), 14 (c), 21 (d) or 28 (e) days after the first (RdO, Rd7, Rd14, Rd21, Rd28) (n=4 + standard error).

Columns within a treatment group with different letters are significantly different (P<0.05).

Tab. 3: Shoot, root and total dry weight (g pot') of wheat 28 days after the second residue addition in treatments with only high C/N residue added (H), only
low C/N residue added (L), high followed by low C/N (HL) or low followed by high (LH) where the second residue was added 7, 14, 21 or 28 days after
the first (Rd7, Rd14, Rd21, Rd28) (n=4 =+ standard error). Values followed by different letters are significantly different (P<0.05).

Shoot Root Total Shoot/root ratio
Dry weight (g pot™)
Rd7 H7 0.09 =00 a 0.17 =00 abed 025 %002 4 0.51 004 g
L7 052 =001 gh 020 =001 abede 071 =002 fg 266 =014 h
HL7 030  *002 p 020  *002 bede 050 =004 cd 152 =007 cde
LH7 029  *002 b 021 002 bede 049 =004 be 141 007 d
Rd14 H14 021 =010 015 =001 abc 036 =011 g 138 =063 ap
Li4 044 =01 efg 013 =004 abcde 0.57  *016 fg 2.63 *0.69 i
HL14 045  *003 efg 0.19 =001 abcde 063 =004 cdefg 2.38 =008 p
LH14 043 =003 ef 021 =002 bede 0.64 =005 cdefg 209 =00 fgh
Rd21 H21 0.0 =001 a 0.13 =001 a 023 =00 a 079 006 gp
L21 0.64 +0.01 i 0.14 +0.00 ab 078 +0.01 g 4.47 +0.18 _]
HL21 0.50 +0.02 gh 0.22 +0.02 cde 072 +0.04 fg 231 +0.11 gh
LH21 047 =001 fgh 024  *002 e 071 =002 fg 200 014 fgh
Rd28 H28 0.10 =00 a 0.15 =00 abc 025 #0024 067 002 gp
L28 050 =005 gh 016  *002 abed 0.66 =006 defg 325 =010 i
HL28 037 =001 cde 022 001 de 0.59 =001 cdef 167 #0009 def
LH28 045 =001 efg 024 =001 e 069 =002 defg 191 =009 efg
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Tab. 4:

Shoot and root N and P concentration (g kg!) and uptake (mg pot™!) of wheat 28 days after the second residue addition in treatments with only high

C/N residue added (H), only low C/N residue added (L), high followed by low C/N (HL) or low followed by high (LH) where the second residue was
added 7, 14, 21 or 28 days after the first (Rd7, Rd14,Rd21, Rd28) (n=4 + standard error). Values followed by different letters are significantly different

(P<0.05).
Shoot
N concentration P concentration N uptake P uptake
Group Treatment gNkg! mg P kg'! mg N pot’! mg P pot’!
Rd7 H7 1911  #26 p 350 016 156 =010 030 #0034
L7 33.18 =108 efgh 612 15 1707 =062 f 3.15 =006 p
HL7 34.66 =40 fgh 528  *028  efgh 1040 =049 ¢d 1.59 =011 pede
LH7 31.57  *=241 efgh 470 033 cdefg 8.84  *023  ped 1.32 006 pe
Rdl4 Hi4 2197 =84 ap 422 #0352 pe 524 B2 4 105 065 4
Li4 2013 =11 bede 422 =23 fgh 11.69 =289 of 244 #0061 op
HL14 28.09 *236  efgh 437 020 pede 1230  *015  de 1.92 =003 cdef
LHI14 2762 #91 cdef 398 #0120 ped 1176 *015  de 171 009 cdef
Rd21 H21 21.82 #0226 ped 3.84 #0083  ped 2.8 =014 038 #0034
L21 3616 021 h 494 =00 defg 2296 #0364 3.13 005 p
HL21 3546 057 op 417 024 pede 1781 075 f 208 #0006  def
LH21 3162 =102 efgh 363 015 pe 1478 #0358  of 1.69 005 cdef
Rd28 H28 2290 *055  ped 225 #0074 229 =016 022 #0024
L28 3394 =4 efgh 459 =04 pedefg 1715 =205 f 2.37 =048 fg
HL28 3069 =123 efgh 384  *0I5 ped 1138 =070 de 143 =009 ped
LH28 3521 =21 fgh 418  *031 bede 1584 =062 f 1.88 =014 cdef
Tab. 5: Shoot N and P uptake per g root of wheat 28 days after the second  ratio was lower than with only L added, but more than twice as high
residue addition in treatments with only high C/Nresidue added (H),  than with only H amendment.
only low C/N residue added (L), high followed by low C/N (HL)  The shoot N and P concentration with only H residue added was
or low followed by high (LH) where the second residue was added 4.t 309 lower than in the other treatments (Tab. 4). Shoot N con-
7 1‘4’ 21 or 28 days after the first (Rd7, Rd14, Rd21, Rd28) or full centration was similar in treatments with L residue (L, HL and LH),
residue amount added on day 0 (Rd0)(n=4 + standard error). Values . . . . . .
followed by different letters are significantly different (P< 0.05). except in Rd0 where it was hlghe%‘ n the mlxe.d treatments than with
only L added. Shoot P concentration did not differ among treatments
with L addition (L, HL and LH), except in Rd14 and Rd21 where it
Group Treatment N uptake X P uptake was about 25% lower in HL and LH than in L.
mg pot Shoot N and P uptake (mg pot!) was lowest with only H amendment
RdO HO 496 =030 a 1.83 2007 ab where it was four to six-fold lower than in the treatments with L add-
LO 4337 =06 be 1254 =048 fg ed (L, LH and HL) (Tab. 4). Shoot N uptake was about 25% lower in
HLO 3983 066 551 026 bed HL and LH than in L except in RdO and Rd14 where it did not differ
Rd7 H7 959 094 178 #0.10 ab among treatments with L. Shoot P uptake was 30-50% lower in HL.
L7 87.99 #2091 £ 1632 *109 ch and LH than in L, the only exception was Rd28 where shoot P uptake
HL7 5050 #2381 bed 802 063 de did not differ between L and LH. Shoot N and P uptake per g root
LH7 44.68 *478 be 666 069 cde was about five-fold lower when only H was added compared to treat-
Rd14 H14 1570 =109 283 011 abe ments amended with L (Tab. 5). Shoot N uptake per g root was high-
L14 8729 #4538 £ 1808  *157 hi est with only L amendment where it was 25-30% higher than in HL
HL14 66.60 510 de 1037 08 of and LH which did not differ in shoot N uptake per g root. Compared
LH14 5707 %627 bed Q34 065 de to_HL and LH, shoot P uptake per g root was 0.3 to two-fold higher
Rd21  H21 1725 *10 303 2019  gpe  Withonly L amendment.
L21 161.75 *676  h 2207 08
HL21 81.99 i‘;?; ef 9.72 123? ef Discussion
RADS ;12821 ?2 i(l) ;0:64 cde 7.28 ;0:07 de This study confirmed the existence of a legacy effect of the previ-
. a 1.51 a . .. . e ..
1306 14l ous residue addition on nutrient availability after the second addition
L28 110.12 g 14.91 gh (MARSCHNER et al., 2015; NGUYEN et al., 2016), but also showed that
HL28 5160 =76 bed 644 02 cde in treatments where both low and high C/N residues are present (HL
LH28 66.99 81 de 804 092 (e

HL and about two-fold than with H only. Total plant dry weight in
HL and LH was about 25% lower than L in RdO and Rd7, but did not
differ among these treatments when the second residue was added 14
or more days after the first (Rd14, Rd21 and Rd28).

The shoot/root dry weight ratio was lowest when only H residue was
added and highest with only L residue (Tab. 3). In HL and LH, the

and LH) plants compensate lower N and P availability compared to
L only by developing a more extensive root system.

Available N and P

The first hypothesis (N and P availability after the second residue are
influenced by the legacy effect, i.e., is lower when low C/N residue
follows high C/N residue than if low C/N residue follows low C/N
residue) can be confirmed.
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Before the second residue addition, available N and P were as ex-
pected from many previous studies (KWABIAH et al., 2003; TIAN
et al., 1992a). They followed the order H=HL < LH=L. Immediately
after the second residue addition (days 7, 14, 21 and 28 in Rd7, Rd14,
Rd21 and Rd28, respectively), available N and P were influenced by
the legacy effect because they were affected by both C/N ratio of the
second residue and the C/N ratio of the previously added residue.
They were in the order H < LH < HL < L. Thus in LH, presence of
L in soil when H was added increased available N and P compared
to H whereas addition of L into a soil containing H (HL) reduced
nutrient availability compared to L. But at harvest of wheat (28 days
later), differences in available N and P between HL and LH were
smaller or there were no differences between the two treatments. In
previous studies, we also found that differences in available N and
P between HL and LH decreased with time after the second residue
addition (MARSCHNER et al., 2015; NGUYEN et al., 2016). This can be
explained by decreasing residue decomposition rates due to deple-
tion of easily decomposable compounds (MARSCHNER et al., 2014;
WESSELS PERELO and MUNCH, 2005), and in this study, plant N and
P uptake. Compared to immediately after the second residue addi-
tion, available N was lower at harvest, which indicates that plant N
uptake exceeded N net mineralisation. In contrast, available P was
higher at harvest than immediately after the second residue addition,
suggesting than P mineralisation was greater than P uptake, probably
because root density was not very high and P is poorly mobile in soil
(e.g. BERTRAND et al., 2003).

The lower pH in soil amended with L compared to H residue is likely
due to greater nitrification with the former due to its higher N con-
centration (XU et al., 2006).

The second hypothesis (the legacy effect on N and P availability
will decrease with time between residue additions) can be confirmed
for available N, but not for available P. N availability did not dif-
fer between HL and LH when the second residue was added seven
days after the first (Rd7) and the differences were smaller when
there were 14 days between first and second addition (Rd14) than in
treatments where the second residue was added 21 or 28 days after
the first (Rd21, Rd28). The lack of difference between HL and LH
when there were two weeks or less between residue additions may
be because relatively large amounts of the previously added residue
was still in the soil when the second residue was added. With longer
time between residue additions, the amount of the previously added
residue would be low and nutrient availability mainly affected by
the second residue added. There was no clear pattern in available
P immediately after the second residue addition with time between
residue additions. Available P did not differ among treatments in Rd7
and Rd21, but in Rd14 and Rd28, the available P concentration was
greater in HL than in LH.

Wheat growth and nutrient uptake

Plant growth in RdO and Rd7 was lower compared to the other treat-
ment groups. This is likely to be due to the much higher temperature
in the glasshouse during this time (> 35 °C during the day) compared
to the other treatment groups (20 - 25 °C during the day). This tempe-
rature difference may have confounded any effect of time between
residue additions on plant growth. To minimise this environmental
effect in future experiments, plant growth should occur in all treat-
ments at the same time.

When only H was added, shoot and total plant dry weight as well as
shoot N and P concentrations were low compared to the other treat-
ments which can be explained by the low soil available N and P con-
centrations. Shoot dry weight in H was about five-fold lower than in
L and the shoot/root dry weight ratio was also lower in H. Thus the
plants responded to the low nutrient availability in H by a growing
a more extensive root system, which is a common response in plants

to the low nutrient availability (MARSCHNER, 2012). However, even
with the greater root system, shoot and total plant growth and shoot
N and P concentrations were lower in H than in the other treatments.
Wheat in the treatment with only L added had the highest shoot and
total dry weight and up to two-fold higher shoot N and P concentra-
tions than plants with only H added which can be explained by the
greater available N and P concentrations in the former. Since root dry
weight did not differ between the two treatments, the shoot/root ratio
was lower in L than in H. A relatively small root system compared to
the shoots is a common plant response to high nutrient availability
(MARSCHNER, 2012).

Shoot N concentrations were higher in LH than in H, which can be
explained by the higher soil N availability in the former. However,
shoot N concentrations did not differ between HL and L although N
availability was lower in the former. However, HL had a lower shoot/
root ratio than L. Thus relative to the shoots, plants in HL had more
roots than those in L which allowed them to take up more N than
would be expected based on available N concentrations.

The third hypothesis (plant growth and N and P concentrations after
the second residue will be influenced by the legacy effect, i.e., will
be greater if high C/N residue follows low C/N residue than if high
C/N residue follows high C/N residue, and will be greater with low
following high C/N residue than with high following low C/N resi-
due) can only be partly confirmed. Plant growth and shoot N and P
concentrations after the second residue addition were influenced by
the legacy effect, i.e., were greater if high C/N residue followed low
C/N residue (LH) than only high C/N residue was added. However,
plant growth and N and P concentrations did not differ between HL
and LH. It was expected that plant growth and shoot N and P con-
centrations would be lower in LH the HL because available N and P
concentrations immediately after the second residue addition were
lower in the former. However, there were no differences in shoot,
root dry weight or shoot N and P concentrations between the two
treatments. This indicates that the plants were able to compensate
differences in available N and P concentrations in the soil by an ex-
tensive root system.

Time between the first and second residue influenced soil N avail-
ability, but not the differences in total plant dry weight between L
and HL or HL and LH. This too indicates that wheat compensated
lower nutrient availability by growing more roots.

Conclusion

The study showed that plants can compensate for legacy-induced dif-
ferences in nutrient availability by a larger root system. This larger
root system also over-rode the effect of time between residue addi-
tions on soil nutrient availability. Thus the impact of the legacy ef-
fect on crop growth may be smaller than expected from soil nutrient
availability. This indicates for plants with an extensive root system,
the order in which H and L are added and the time between residue
additions is not important. However, in soils where root growth is re-
stricted or in plants with inherently small root systems, the influence
of the legacy effect on plant growth may be greater.
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