


706	 Journal of Environmental Quality 

start of the experiment in 2002 (when P-AL was 127 mg P kg−1; 
i.e., in between values measured in reference Grasslands 4 and 5). 
By the end of the experiment in 2009, P-AL in the K-fertilized 
treatment had decreased to 35 mg P kg−1, which is between the 
P-AL values measured in Grasslands 1 and 2. However, species 
number in this treatment by 2009 was still much lower than in 

these reference grasslands and was also lower than predicted by 
the statistical relation between species number and P-AL con-
tent (12 species per plot instead of 23) (Fig. 5).

Discussion
Our results indicate that our first hypothesis was correct: 

in plots without K fertilization, relative clover abundance and 
total productivity of grass-clover were lower than in K-fertilized 
plots, in particular after the first 2 or 3 yr after establishment. 
This suggests that K uptake indeed becomes limiting for clover 
(and hence, because clover is the N source, also for total DM pro-
duction and P removal) after repeated harvesting of grass-clover 
swards on P-rich sandy soils. Our results also support the first 
part of our second hypothesis (i.e., that grass-clover combined 
with K fertilization can be an effective method to reduce soil P 
levels in sandy soils); this treatment removed 34 kg P ha−1 yr−1 on 
average. In comparison, the amount of P removed with a produc-
tive grass sward with mineral N fertilization varied from 28 to 
50 kg P ha−1 yr−1 (Van der Salm et al., 2009) and was of compa-
rable size. Whether this rate of removal is high enough to arrive 
at a low P concentration in a few years remains a field-specific 
issue. In our field it was surely so, but other soils can have higher 
P loading, higher P buffering capacity, or both. In such soils, long 
periods of P removal with grass-clover would be needed to sub-
stantially lower the P concentration.

Our results also provide evidence for the second part of this 
hypothesis: this method could indeed remove enough P to arrive 
at a plant-available P concentration low enough for species-rich 
grasslands. By the end of the experiment, the average soil P level 
in the K-fertilized treatment was comparable to soil P levels in 
two nutrient-poor, species-rich grasslands in the region (Fig. 5). 
However, despite the decreased soil P level, plant species number 
in the experimental plots was still considerably lower than in 
the reference grasslands. This is not surprising. As shown by 
others ( Janssens et al., 1998; Critchley et al., 2002), the relation 
between soil P and plant diversity is multifactorial: a low soil P 
level does not guarantee a species-rich grassland because other 
factors may also play a role. We did not expect high plant spe-
cies numbers in our experimental plots because of the presence of 
highly productive grass and clover species (competition) and the 
absence of a seed source (e.g., a local soil seed bank or a nearby 
species-rich grassland).

Table 2. Soil P balance over 2003 to 2009 for each treatment. 

Treatment K− K+
————— kg P ha−1 —————

Measured soil P-total 2003 444 444
P removal by grass-clover† 181 (11)‡ 238 (11)
Expected soil P-total 2009§ 264 206
Measured soil P-total 2009 205 (14) 198 (12)
Di�erence¶ −59 −8

† Phosphorus removal by grass-clover was calculated based on total dry 
matter yield and measured P content of the harvested above-ground 
plant material for each harvest during 6 yr.

‡ Numbers in parentheses indicate SEM.

§ Soil P levels were measured in the topsoil (0–10 cm depth). P-total, 
total amount of soil P after destruction with sulfuric acid.

¶ Comparison of measured P-total in 2009 and expected P-total in 2009 
based on the di�erence between measured P-total in 2003 and total P 
removed by grass-clover over 2003 to 2009. 

Fig. 5. Species number (Braun Blanquet method on 25-m2 plots, June 
2007) in six natural “reference” grasslands on sandy soils, plotted 
against ammonium lactate–extractable P (P-AL) in the topsoil (0–10 
cm depth) (solid dots). The open dot (‘exp’) indicates the species 
number and P-AL level in the K fertilized treatment by the end of the 
experiment in 2009 (n = 12 species; SE, 0.35). Numbers refer to the 
grasslands described in Table 3. Linear regression between species 
number and log-transformed P-AL content was signi�cant (p = 0.04) 
(slope, intercept, and R2 are shown in the graph).

Table 3. Description of natural “reference” grasslands shown in Fig. 5. 

Grassland 
number† P-AL Description of grassland

mg P kg−1

1 17 Typical species-rich wet grassland with rare species such as Rhinanthus angustifolius and Dactylorhiza majalis
2 48 Typical species-rich wet grassland with rare species such as Pedicularis palustris and Caltha palustris in high 

abundance
3 70 Perennial grassland with slightly more common species such as Juncus acutiflorus, Cardamine pratensis, and 

Lychnis flos-cuculi
4 105 Perennial grassland with more common species such as Holcus lanatus and Poa trivialis but also some Juncus 

acutiflorus
5 162 Typical species-poor perennial wet grassland dominated by Juncus effusus but also including some Juncus 

conglomeratis and Cirsium arvense
6 245 Species-poor wet grassland dominated by Juncus effusus but also including Antoxantum odoratum, Cardamine 

pratensis, and even a few Pedicularis palustris

† Grasslands are listed in the order of increasing soil ammonium lactate–extractable phosphorus (P-AL) level.
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However, one can wonder whether K fertilization is necessary 
in a practical strategy for effective P removal on sandy soils. Our 
data suggest it is not: intensive harvesting of unfertilized grass-
clover swards also removed considerable amounts of P (26 kg P 
ha−1 yr−1 on average) compared with the treatment with K fertil-
ization. Such a treatment is undesirable from a practical point of 
view because intensive mowing of relatively unproductive swards 
is not cost effective. In our experiment, the unfertilized swards 
removed 25% less P and produced 46% less yield (2003–2009). 
Moreover, harvesting the fertilized swards is more worthwhile 
to farmers not only because of the higher productivity but also 
because of the greater relative abundance of clover, resulting in 
a higher crude protein content (data not shown, but see Gierus 
et al. [2012] and Soegaard [2009]) and hence higher nutritional 
value of the harvested grass-clover. This important advantage 
allows nature conservation organizations to outsource the man-
agement and the harvesting to local farmers, who can use the 
harvested grass-clover to feed their cattle (for the current Dutch 
situation with recent financial cutbacks, this is very relevant and 
has been done to the field surrounding our experimental plots).

Necessity of K fertilization on other soil types than the sandy 
soil of our experiment may be different. Leaching tends to differ 
between soil types and regions, and soils may differ in availability 
and buffering capacity of K. The same holds, for example, for a N 
source (e.g., it may not be necessary on relatively dry peat soils).

We had multiple reasons to choose grass-clover as a crop for 
reducing excess soil P. First, grass is known for its large P uptake. 
Sival and Chardon (2004) showed in a review that intensively 
mown, N-fertilized grassland had higher P uptake than all other 
crops included in the comparison, such as potatoes, cabbage, 
and maize. In line with these figures, Marrs (1985) showed 
that a cereal crop removed less P (even if all crop residues were 
included in the measurement) than grass (only 10 kg P ha−1). 
Second, because grass is a perennial crop, the soil does not need 
to be tilled every year (meaning less disturbance to soil struc-
ture and soil seed bank), and management costs are relatively 
low. Third, grassland is a good choice because in many cases 
the ecological objective (or ecosystem type) of agricultural land 
conversion is to create natural grasslands. Adding white clover 
is an elegant way to provide the necessary N source. However, 
a point of concern is that white clover persistence is limited: 
many cultivars persist only 4 to 5 yr, although some others may 
persist up to 8 yr (Piano and Annicchiarico, 1995; Woodfield 
and Caradus, 1996). In our study we used the cultivar “Alice” 
particularly because of its known persistence; nonetheless, we 
did observe a significant decline in clover abundance 7 yr after 
sowing (2008) even in the K-fertilized treatment. It has long 
been known that white clover has a trade-off between flowering 
and persistence (e.g., Gibson, 1957). This was also observed in 
our experiment: 1 yr after the decline, in 2009, clover abun-
dance had recovered in both treatments, probably as a result 
of high seed production in the K treatment in the previous 
year. Although we did not measure clover abundance, DM 
production, and P removal after 2009, we suggest that grass-
clover swards used for the purpose of P removal from former 
agricultural soils would require some maintenance (resowing) 
every 4 to 8 yr depending on the clover cultivar and weather 
conditions.

Apart from the need to reduce soil P to allow development 
of nutrient-poor ecosystems, another good reason to remove 
excessive soil P is to reduce the long-term risk of P leaching 
into surface and groundwater (Behrendt and Boekhold, 1993; 
Koopmans et al., 2004a, 2004b). For both our experimental 
treatments, we calculated soil P balances for the topsoil over 7 
yr. Strikingly, the P balance for the K-fertilized treatment seems 
to show almost no P loss (i.e., the same amount of P removed 
by the plant material as was the size of the decrease of total P 
in the top 10 cm), whereas a substantial amount of soil P (59 
kg P ha−1) was lost from the total P pool in the topsoil in the 
unfertilized treatment. Indeed, the average amount of soil P 
lost from the topsoil in the unfertilized treatment was 8 kg P 
ha−1 yr−1, which is about equal to the difference between treat-
ments in the amount of P removed through harvesting (9 kg P 
ha−1 yr−1). Within our simple P balance, no uptake of P from 
deeper layers is taken into account. Although most of the root-
ing and P uptake will take place in the top 10 cm of the soil 
considered, grass-clover can take up P also from deeper layers 
(Goodman and Collison, 1981). This means that our closed P 
balance is partly due to uptake of P from deeper layers, com-
pensating for the leaching of P from the topsoil. We have three 
suggestions to explain the missing P in the balance of the unfer-
tilized treatment. The first would be higher losses by leaching 
because of a lower uptake of P from deeper layers, or possibly 
because the productive grass-clover sward in the K fertilized 
treatment absorbed most of the mobile soil P before it could 
leach into deeper soil layers. This suggestion is supported by 
the findings of Dodd et al. (2014), who show that phytoex-
traction of P by increased productivity of grassland with an N 
source led to large reductions of leaching. For our experiment, 
this remains a suggestion because we did not measure leach-
ing and did not calculate leaching using our P concentrations 
in the topsoil because several authors have shown that this is 
unsecure (Eriksson et al., 2013; Djodjic et al., 2004) and leach-
ing is field specific. An alternative explanation could be that 
the measurement of total P did miss some form of soil P into 
which more P was converted in the treatment without K fertil-
ization, but we did not find a reference to such a phenomenon. 
Third, reallocation of an amount of P downward in the root 
system could have differed between treatments because K fer-
tilization led to slight differences in species composition (data 
not shown). However, it appears unlikely that this mechanism 
could account for a difference of 59 kg P. Still, this factor would 
require further investigation.

We conclude that intensively harvested grass-clover fertilized 
with K is an effective alternative to topsoil removal to reduce 
excess P in former agricultural soils. Moreover, considering the 
future shortage of P fertilizers, this method provides an elegant 
way to recycle P (i.e., to transfer excess soil P from new nature 
areas back into the agricultural system by cattle feed). The excess 
P will end up in manure and can then be used on more inten-
sively managed areas where it is needed.
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