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Abstract of a thesis submitted in partial fulfilment of the

requirements for the Degree of Doctor of Philosophy.

Investigation of the interactions between soil acidity, phosphorus biochemistry

and dynamics and legumes in acid grassland soils

by

Moussa Bouray

Soil acidity and associated phosphorus (P) deficiency and aluminium (Al) toxicity are major constraints
to agricultural production worldwide. For instance, in New Zealand steep lands, the so-called hill and
high country, many commercial legume species fail to establish and persist in these acidic, low fertility
environments. This PhD research project investigated (1) the impact of phosphogypsum (PG) on soil
fertility and Al speciation in the soil solution and (2) the impact of lime-induced pH elevation on P
biochemistry and dynamics in the rhizosphere of lupins and under open field grassland conditions. For
the first part of the investigation, two experiments were conducted, each with a specific objective; in
the first experiment (Chapter 2) the objective was to compare the effects of PG amendment, soluble
fertilizer, and lime on short-term lucerne yield and P and sulphur (S) uptake in two different acidic soils
under controlled environment conditions. The objective of the second experiment (Chapter 3) was to
examine the impact of PG on Al speciation in the porewaters of both planted and incubated
(unplanted) soils using the Visual Minteq Model. These two complementary experiments revealed that
(1) PG has increased P and S bioavailability and therefore improved lucerne P and S uptake and yield.
However, the application of PG to low pH soils necessitates its combination with lime because it has
been found that pH was the most important factor controlling the nutrition and growth of lucerne as
evidenced by the large difference in the yield and P and S uptakes between PG alone and PG combined
with lime. The second key result (2) was that PG reduces soil exchangeable Al and monomeric Al**in
the soil solution if applied at 1-3 t ha’. Higher application rates could acidify the soil and displace Al
from the soil exchangeable sites into the soil solution. The mechanisms by which PG reduced Al**
activity included the immobilization process through sulphate (S04%) and fluoride (F) binding and via

precipitation reactions.

For the second part of the investigation, three experiments were conducted (Chapters 4, 5 and 6), each

with a specific objective. Experiment 1 (Chapter 4) objective was to examine the effects of increasing



soil pH from 5.3 to 6.0 using lime on P-related processes and dynamics in the rhizosphere of two lupins
(Lupinus polyphyllus and Lupinus angustifolius) after 11 weeks of plant growth in pots under glasshouse
conditions. Experiment 2 (Chapter 5) was conducted to examine the impact of soil pH increase to near-
neutral (pH 6.3) using lime on (1) acid phosphatase activity and labile P (DGT-P) distribution patterns
in the rhizosphere of Lupinus angustifolius grown in two contrasting acid pasture soils, using innovative
imaging techniques, (2) root morphological and physiological root traits. Experiment 3 (Chapter 6) was
carried out in the field to study and quantify the effects of liming on P biochemistry and fractionation
during 18 months on a long-term (+60 years) permanent fertilized grassland. All three experiments
investigated the same soil (Mt Grand soil), collected from Central Otago, NZ—they proved
unanimously that liming increases P availability and increases the mineralization of labile and
moderately labile organic P (P,) in this soil. For instance, in the field experiment, labile inorganic P (P;)
increased by 42% at pH 7.0 compared to pH 5.4, while labile and moderately labile P, decreased by
33% and 25%, respectively. It was concluded from Chapters 4 and 5 that increasing soil pH above 6.0
negatively affects Lupinus angustifolius growth and P acquisition processes such as organic anions
exudation and fine root length, while Lupinus polyphyllus was unresponsive to liming. Another
conclusion drawn from the field trial (Chapter 6) is that liming enhances the mobilization of the

historically applied P fertilizer and promotes P, mineralization.

Keywords: soil pH, phosphorus dynamic, phosphorus acquisition, phosphorus fractionation,
phosphorus biochemistry, aluminium toxicity, aluminium speciation, visual Minteq, lucerne, lupin,
organic anion, phosphatase, lime, phosphogypsum, diffusive gradient in thin films (DGT), zymography,

rhizosphere, legume, hill country, high country.
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Chapter 1

Introduction

1.1 Background

The uncultivable hill and high country below 1,000 m, with a slope > 20°, comprises about 40% of New
Zealand’s land surface area (Tozer et al., 2021). These typical areas cover 6.6 million ha, of which 5.2
million ha are in pastoral agriculture (Mackay, 2008). The hill and high country play a critical role as
the primary land resource for the red meat production industry in New Zealand. As such, these areas
contribute a great proportion of livestock finishing, and are also the breeding platform for sheep and
beef cattle and therefore a key support element for lowland intensified grassland systems (Moot et
al., 2009; Morris and Kenyon, 2014). However, the livestock grazing systems in these areas generally
rely on perennial pastures; the annual rate of pasture renewal of sheep and beef cattle hill country
farms has been reported to be just 2.3% compared with 8% on dairy farms which are generally more
fertile and on flatlands (Stewart et al., 2000). Although there has been an increase in livestock
performance and sheep meat production since 1989/90 (Mackay et al., 2012), the intensification of
less productive lands and the on-farm productivity in the hill and high country are still facing several

strong limitations due to:

e Topography: inability to cultivate widely due to moderate and steep slopes. Moreover.
topographical features such as slope and aspect induce variation in soil temperature and
moisture by modulating precipitation and water flows, causing large variations in potential

pasture production across landscapes (Lépez et al., 2003; Radcliffe, 1982).

e C(Climate: continental-like with hot dry summers and long cold frosty winters with a short,
moisture limited production season (Moir et al., 2000; Scott et al., 1985) which affects stocking

rates.

e Low fertility soils: over 500,000 ha of NZ farmed high country soils are acidic (Moir and Moot,
2010), and most of these are deficient in terms of N, S, and P. The present research is mostly

focusing on these soil-related constraints.

Nitrogen (N) is one of the major limiting nutrients in NZ hill and high country soils (Gillingham et al.,
1998; Lambert et al., 2003). However, the application of inorganic (N) fertilizer is usually uneconomic

and so does not occur. Therefore, legumes (clovers, lucerne, lupins, etc.) are the key for sustainable



farming in these environments due to biological N fixation through a symbiotic relationship with N-
fixing rhizobia, thus improving soil N inputs (Suzaki et al., 2015) at low cost. For instance, white clover
(Trifolium repens) and subterranean clover (Trifolium subterraneum) being among the most valuable
crops in NZ pastures, contribute inputs of around 30 kg N ha y? per ton of legume dry matter (DM)
grown (Parfitt et al., 2006). Legumes are also a high-quality (high protein) feed for livestock compared
to grass-based pastures (Kemp et al., 2010; Moot, 2013). However, legumes are often adapted to high
soil fertility. Thus, their establishment and persistence in NZ hill and high country are limited by the
native edaphic constraints, mainly low pH, Al toxicity, P and S deficiency and moisture stress (Maxwell

et al., 2013; Maxwell et al., 2016; Moir et al., 2016; Whitley et al., 2019).

Acidification and associated Al toxicity have been identified as critical issues in New Zealand,
particularly in high and hill country areas (Morton and Moir, 2018; Whitley et al., 2019). Bereniji et al.
(2017), in a field trial on a South Island brown acid soil (pH 5.2), demonstrated that the ability of
rhizobia to inoculate lucerne (Medicago sativa) was strongly inhibited at a high exchangeable Al (0.02
M CacCl,) concentration of 15.1 ppm. High free Al** concentration and low pH also negatively affect the
growth and survival of rhizobia (Wigley et al.,, 2018). Commercial clovers (white, red, and
subterranean), the most commonly sown legumes in NZ, are also affected by low pH and associated
Al toxicity, but they are much more resistant than lucerne which is considered to be the most sensitive
legume to Al toxicity (Moir et al., 2016), while subterranean clovers are the most resistant (Olykan et
al., 2018; Shah et al., 2021). On the other hand, naturalized, adventive annual clovers (suckling,
haresfoot, striated, and cluster) in NZ are adapted to the hill and high country environments even in
dry summer environments (Maxwell et al., 2010). These are also tolerant to soils with Al levels higher
than the reported toxicity threshold (Maxwell et al., 2012) of 3 mg kg™ suggested by Moir et al. (2016)
for legumes. This highlights the potential of this annual species; if successfully established and spread,
for hill and high-country farming, especially where the aerial application of lime to hills is uneconomic.
Russell lupin (Lupinus polyphyllus) has been identified as tolerant to low pH, high Al, and low P soils
(Black et al., 2014; Hendrie et al., 2018; Martin-Hendrie, 2019; Moot and Pollock, 2014; Ryan-Salter et
al., 2014; Scott, 2014). However, the persistence of these perennial species in dry and unfavourable
hill and high-country areas is poorly understood, especially in terms of P mobilization, P requirements,

and their Al detoxification strategies.

Agricultural lime (CaCOs) application is a widely used farming practice in NZ for acidity correction:
increasing soil pH and reducing Al bioavailability. However, the efficacity of lime in NZ hill and high
country is limited to the near-surface layer and has a very limited effect on subsoil acidity, at least in

the short term (Moir and Moot, 2010). This is mainly due to its low solubility and then slow movement



down the soil profile (Hendrie et al., 2018). The low rainfall and consequently low soil moisture
content, particularly in hill and high-country areas of South Island (e.g., central Otago), contribute also
to reducing lime reactivity in the soil. Additionally, due to topography, very few of these areas are
sufficiently limed because of the economics of aerial application (Craighead, 2005; Gillingham et al.,
1999). This is the main reason why lime has historically been sparingly applied to NZ hill and high
country because the cost of aerial application of large quantities of lime is very expensive and so often
not practical. The relationship between liming and pasture production is well established for some NZ
hill and high-country soils (Edmeades et al., 1985; Edmeades et al., 1984; Kearney et al., 2010; Moir et
al., 2016; Wheeler and O'Connor, 1998). Also, the role of liming in reducing soil extractable Al has
been verified for several soil orders (Morton and Moir, 2018). However, studies of soil pH change with
liming and associated changes in soil P chemistry, in South Island hill and high-country soils are scarce.
The conventional use of surface-applied lime is often insufficient at correcting subsurface acidity. Plus,
although has shown positive effects, the deep placement of pelletized lime to rectify subsoil acidity is
not affordable for most of the farmers (very expensive) in the lowlands and is impractical for high-
lands (Kalkhoran et al., 2020; Martin-Hendrie, 2019). Therefore, further research is required to
investigate the use of novel materials of higher solubility such as phosphogypsum for hill and high-
country soils. Also, the mixture phosphogypsum-lime could be one way to improve lime solubility

(Crusciol et al., 2016; Lauricella et al., 2021).

After N, P is the second most limiting macronutrient that drives the productivity of legume-based
pasture systems in NZ hill and high country (Bowatte et al., 2006; Maxwell et al., 2013). In a long-term
grazing trial at Te Kuiti, North Island hill country, Roach et al. (1996) demonstrated that withholding P
fertilizer inputs for 10 years resulted in 54-72% less legume production and 29-35% reduction in the
annual pasture production. Also, soil N availability has been reduced. Similar impacts of P fertilizer
withholding (15 years) were observed in Whatawhata, North Island hill country, where the abundance
of productive and desirable species (white clover and ryegrass) decreased by 15-20%, while the
abundance of undesirable low fertility grasses such as browntop increased (Dodd and Ledgard, 1999).
A piece of more recent evidence to further stress the importance of P fertilizer for NZ hill and high-
country farming performance is given in Figure 1.1. For instance, figure 1.1a showed that mean annual
stocking rates at Ballantrae Hill Country Research Station, Southern Hawke's Bay, New Zealand over
the period 1980-2014 were 6.9 (NF = no annual P applied), 9.8 (LF = 125 kg SSP ha™?), and 15.9 (HF =
375 kg SSP ha™!) SU ha™.
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Figure 1.1 Sheep stocking rates (SU ha) (a) and soil Olsen P values (ug mL?!) (b) at the Ballantrae
Hill Country Research Station over time. Farmlets: NF = no annual P applied, LF = 125 kg single
superphosphate (SSP) ha', HF = 375 kg SSP ha!, applied on an annual basis since 1980. Each data
point represents the mean value of 18 sampling sites. Adapted from Mackay et al. (2021).

Soil P fertility in NZ hill country was originally poor. However, in some area there was a build up with
fertilizer application, but it declined due to the sharp decrease in fertilizer inputs simply because of
curtailed farm income following the policy of farming subsidies removal in the mid-1980s and to the
economics of the aerial application of fertilizers (MacLeod and Moller, 2006). However, most of the
research on P addition has been limited to the North Island hill country. Also, soil P monitoring relied
exclusively on plant-available P (Olsen P) measurement and less is known about other P pools such as
organic P which could represent a considerable fraction (30% to 65%) of soil P (Condron et al., 2005;
Turner et al., 2003): in some soils organic P could constitute 80% of total P due to its stabilizations
through sorption and precipitation processes (Turner et al., 2002). Unfortunately, there have been
insufficient studies, if there are any, which have quantified the importance of organic P in hill and high-

country soils and hence there remains a lack of understanding of how this source of P could be



mobilized. Furthermore, the effects of soil properties, in particular, the interaction between pH and P
availability is poorly understood in these soils. Further, Al and Fe oxides are known to drive P
immobilization/fixation in acid soils and therefore control P availability in low pH soils (McDowell and
Condron, 2001; McDowell et al., 2003). However, these mechanisms are also poorly investigated in
hill and high-country soils. Besides, the ability of legumes to mobilize the sparingly available inorganic
and organic P in these soils requires further investigation, especially from the rhizosphere perspective
where P acquisition and mobilization are effectively occurring. This would help identifying which
legumes species are potentially able to persist in low P soil and mobilize the legacy P. These findings
support the view that liming has the potential to enhance the bioavailability and utilisation of inorganic
and organic P resources in soil. For instance, Simonsson et al. (2018) found recently that liming had a
positive effect on the solubility of P added as fertilizer during the decades following the lime
application. Lime has also been reported to enhance organic P mineralization in some earlier studies
(Condron and Goh, 1990; Condron et al., 1993; Halstead et al., 1963). However, to date, there is a
paucity of information about how lime could affect P cycling in NZ hill and high country. Moreover,
there is a notorious inconsistency within the international scientific community regarding the
relationship between soil pH and P availability. As such it is among the aims of this PhD research to
investigate liming effects on soil P biochemistry and dynamics in some soils of NZ South Island hill
country from both soil and plant perspectives, so as to bring new insights for the improvement of acid
pasture soils in these typical environments and therefore facilitate the integration of legumes to
pastoral agricultural systems. This PhD research would contribute to elucidating the current

controversy regarding liming-P relationship.

1.2 Literature review

1.2.1 Soil acidity

Soil acidity is one of the main constraints to crop production worldwide. It increases due to the
accumulation of hydrogen (H*) and free aluminium cation (AI**) or when bases such as calcium (Ca?*),
magnesium (Mg?*), sodium (Na*), and potassium (K*) are leached and replaced by H* and Al** (Rengel,
2003). The base cations leaching occurs naturally because of long-term rainfall and soil weathering
processes. The removal of cations in farm products such grain, wool and meat also contribute in soil
acidification (Tang and Rengel, 2003). Soil acidification processes can also be induced
anthropogenically in grassland through the excessive use of ammonium-based fertilizers and/or acid
producing fertilizers (e.g., elemental S) (FAO and ITPS, 2015). Legumes themselves can contribute to
the soil acidification process through excess cation uptake and exudation of acidic compounds by

roots. Also, nitrogen fixation is well documented as an acidifying process (Bolan et al., 1991a; Tang et



al., 1999). Nonetheless, in fertilized soils, nitrification of NH* in historically applied ammonium
suphate is the major source of acidification (Johnston et al., 1986). Moreover, organic matter (OM)
decomposition by microorganisms produces carbon dioxide (CO3) which transforms into carbonic acid
(H2CO0s) in the presence of water, then the H,COs dissociates releasing H* protons. For instance, forests
as they are covered by a thick layer of litter, tend to be more acidic than grassland soils (Bolan and
Hedley, 2003). About 50% of the world’s arable lands are acidic (Von Uexkiill and Mutert, 1995), which
mostly occur in developing countries like Central African, South American, and Southeast Asian
countries (FAO and ITPS, 2015). Figure 1.2. illustrates the topsoil acidy distribution worldwide. Topsoil
acidity (pH < 5.5) affected 30% of the world’s ice-free land area, and subsoil acidity affected 75%
(Sumner and Noble, 2003) based on the data reported by Eswaran et al. (1997)
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Figure 1.2 A world map of the estimated topsoil pH (FAO and ITPS, 2015). FAO: Food and Agriculture
Organization, ITPS: Intergovernmental Technical Panel on Soils

1.2.2 Aluminium toxicity

On acid soils (pH < 5.5), plant growth is generally limited. This is because acidified soil reduces the
availability of several essential elements such as P and molybdenum (Mo) (particularly in legumes
Hafner et al. (1992); Mitran et al. (2018)) while exacerbating the toxic levels of others such as Al (Kidd
and Proctor, 2001). Aluminium is the most abundant metallic element in the earth's crust. However,
it is not essential for plant metabolism (Sade et al., 2016). Aluminium toxicity is not harmful to plants
only, it could also represent a serious threat to human health (Peters et al., 2020). In the soil, Al is

generally found as Al oxide minerals and stable forms like aluminosilicates, which undergoes



hydrolysis at low pH (pH < 5; Figure 1.3) releasing monomeric Al** and mononuclear species such as
AIOHZ*, AI(OH),*, Al(OH)s, and AI(OH)s. However, among all species, Al** is considered the most
rhizotoxic form (Kinraide, 1997; Schmitt et al., 2016; Singh et al., 2017). Although few studies have
been performed, polynuclear Al species (Al:3) have also been supposed to be toxic (Kinraide, 1991;

Vitorello et al., 2005).
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Figure 1.3 A diagram showing the formation of different Al species in the soil as a function of pH
(Baes and Mesmer, 1986).

The symptoms of Al toxicity to plants are not easily identifiable. Root growth inhibition is the most
used tool for the measurement of Al toxicity (Gupta et al., 2013; Kinraide, 1991). Although it is plant
species-specific, Al toxicity can also manifest as leaves senescence, yellowing of leaf tip, leaf curling,
and lateral roots thickening and discoloration (Rahman and Upadhyaya, 2020). Additional details on
Al toxicity effects on plants are given in Figure 1.4. These deleterious effects restrict the uptake and
translocation of water and nutrients (specifically P), altering plant metabolism, growth, and
persistence on acid soils (Silva, 2012; Tamas et al., 2006). However, some plants have shown several
mechanisms to cope with toxic Al concentrations such as (1) compartmentalization of Al in the
vacuoles by cytosolic chelation with phenolic compounds and organic anions (internal detoxification),
(2) external exclusion of Al by inducing the exudation of organic anions into the rhizosphere minimizing
the entry of Al to the roots, and (3) reducing the production of reactive oxygen species (ROS) and
augmenting ROS scavenging system (Chen and Liao, 2016; Delhaize and Ryan, 1995; Ma et al., 2001;
Wang et al., 2020; Zhang et al., 2019b).
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Figure 1.4 Phytotoxicity of Al in Plants (Rahman and Upadhyaya, 2020), ROS: reactive oxygen
species.

1.2.3 Phosphorus in acid soils

Researchers are becoming increasingly aware that adaptation to acid soil involves not just Al
resistance but also enhanced ability to acquire P and other limiting nutrients. Phosphorus is an
essential element required by living organisms (Elser and Haygarth, 2020). For example, inside the
living cells, genetic information in the form of DNA and RNA molecules contains P as an integral
structural component. In plants, P is involved in numerous functions such as photosynthesis
(Marschner, 1995); one of the keys to “life on earth”. Also, in legumes, P is a major component for
energy transformation in nodules where biological-N-fixation occurs (Mitran et al., 2018). Phosphorus
deficiency is considered to be one of the main problems in acid soils, predominantly Ultisols and
Oxisols (Fairhust, 1999). Phosphorus use efficiency (PUE) in acid soil is 10 to 15% only, because of their
high fixation capacity due to high concentrations of Al and Fe oxides (Scherer and Sharma, 2002;
Thomas Sims and Pierzynski, 2005). However, the P adsorption characteristics of mineral oxides as
well as clay minerals are controlled by soil pH (Asomaning, 2020; Gustafsson, 2001; Hiemstra and Van
Riemsdijk, 1999). For instance, soil pH change affects two key factors that control P adsorption
reactions: (1) the electrostatic potential of the adsorbing surfaces, which becomes more negative as
pH increases and therefore less attractive to P, and (2) P speciation: as pH increases the concentration
of the divalent phosphate ion (HPOs*)-the P species which is more susceptible to be adsorbed
(Barrow, 1984; Bowden et al., 1980), increases. Nonetheless, reports on soil pH change effects
concerning P availability to plants are very controversial. For instance, Penn and Camberato (2019)
supported the classical view that P availability is generally maximized at near-neutral pH which
coincides with the lowest degree of P fixation by Ca, Al, and Fe according to a diagram (Figure 1.5)

redrawn from Price (2006).
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Figure 1.5 General representation of the relationship between phosphorus fixation and pH
according to Price (2006).

However, this view was rejected by Barrow (2017) who contended that P uptake by plants and
desorption by soil occur with a much lower pH optimum. This was also confirmed recently by Barrow
et al. (2021); Barrow (2020); Barrow et al. (2020b). These two contrasting views in interpreting the
relationship between soil pH and P availability were both based mostly on abiotic/chemical processes
(adsorption/desorption and precipitation reactions) and fewer efforts were deployed to understand
how pH could affect P availability via biological processes especially in the vicinity of the roots (e.g.,
rhizosphere) where P is effectively taken by plant roots. Moreover, up to half of soil P can be in the
organic form which must undergo mineralization (biological/biochemical activity) before it can be
accessed by plants (Mclaren et al., 2020; Oehl et al., 2004). To advance science in these current
knowledge gaps, the investigation of soil pH change effects on rhizosphere processes controlling P
availability, its mobilization, and acquisition by plants is required. Progress in a more detailed
understanding of rhizosphere mechanisms holds great promise for improving phosphorus use
efficiency (PUE) and crop productivity. Consequently, promoting sustainable management of P
resources in agroecosystems because there are limits to global rock phosphate reserves (Brownlie et

al., 2021).

Many plant species have evolved in P-limited acid soils, and as a consequence, are known to have
adaptive mechanisms that result in an increased acquisition of phosphorus from the soil (George et

al., 2011; Ramaekers et al., 2010), including:



e Root morphological strategies such as increased length and frequency of root hairs,
production of more adventitious roots, high specific root length, the formation of specialized
root structures such as cluster (or proteoid) roots formed on white lupin (Lupinus albus). These
strategies result in a larger exploration and foraging of soil volume (Haling et al., 2018; Lynch

and Brown, 2008; Richardson et al., 2011).

e Association with mycorrhizae: The main benefit of this association for the uptake of P comes
from the ability of mycorrhizal fungi to increase the surface area and effective length of roots,
enabling the exploitation of a larger volume of soil. Mycorrhizas also enhance the utilization
of soil organic P in some cases (Beltayef et al., 2021; Liyuan et al., 2021; Richardson et al.,
2009). However, not all legumes are hosts of mycorrhizae, for example, lupins are known to
be non or weakly-mycorrhizal (Lambers and Teste, 2013), whereas lucerne and clover

associate with mycorrhizae (Peng et al., 2020).

e Root physiological strategies such as the release of extracellular organic anions and

phosphatase enzymes:

Organic anions, as illustrated in Figure 1.6, have been shown to increase soil P availability by reducing
inorganic and organic P sorption via competition for sorption sites and the alteration of surface
characteristics of soil particles, and through the chelation of Al, Fe and Ca. They also stimulate the
plant growth-promoting microorganisms in the rhizosphere such as bacteria and mycorrhizal fungi

(Jones and Brassington, 1998; Lambers et al., 2015; Ryan et al., 2001; Wang and Lambers, 2020).

Organic P is abundant in soils and can contribute to the P nutrition of plants and microbes (Condron
et al., 2005). The hydrolysis of organic P in the soil is mediated by phosphatase enzymes; several
studies have demonstrated that higher rates of organic P mineralization were related to higher
phosphatase activity either in natural ecosystems (Fox and Comerford, 1992; Polglase and Attiwill,

1992) or in pasture systems (Oberson et al., 2001; Richardson et al., 2009; Turner and Haygarth, 2005).

10
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Figure 1.6 Schematic diagram showing the effects of organic anions on soil P mobilization (Wang
and Lambers, 2020), PGPR: Plant Growth-Promoting Rhizobacteria.

Soil phosphatases includes: (1) phosphomonoesterases which are involved in the degradation of
orthophosphate monoesters including, sugar phosphates, polyphosphates, and mononucleotides, but
the predominant monoesters in soils is inositol phosphate (Turner et al., 2002).
Phosphomonoesterases consist of acid phosphomonoesterase and alkaline phosphomonoesterase,
the former is released by both plants and microbes. However, the latter has not been detected in
plants and is thought to be synthesized by soil microorganisms only (Nannipieri et al., 2011). (2)
phosphodiesterase is involved in the hydrolysis of orthophosphate diesters like nucleic acids and
phospholipids. Although occurring in a much smaller amounts compared to monoesters, diesters are
soluble and rapidly mineralizable (Condron et al., 2005; Magid et al., 1996). This enzyme is reported
to be secreted mainly by microorganisms. However, plants were also found to release
phosphodiesterase under severe P limitation (Abel et al., 2000; Asmar and Gissel-Nielsen, 1997), but
their contribution in total phosphodiesterase activity in the soil is thought to be negligible according
to Turner and Haygarth (2005). Having said that, it is also worthwhile mentioning that phosphatase
activity is not only mediated by the nature of the organic P substrate available in the soil. Soil pH is
also commonly known to have a significant role in altering it since different phosphatases have distinct
pH optima. For example, acid phosphatase activity exhibits maximum activity around pH 5.0-6.5

(Eivazi and Tabatabai, 1977; Hui et al., 2013), while phosphodiesterase has been found to have an
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alkaline pH optimum (Browman and Tabatabai, 1978; Herbien and Neal, 1990). Moreover, the stability
and conformation of phosphatases in soil are influenced by pH; the stabilized phosphatase due to soil
sorption can be mobilized via soil pH increase (Allison, 2006; Skujin$ and Burns, 1976). Hence, the
degree of stabilization on solid surfaces may change the pH optima of these enzymes. This suggests
that the usually used enzyme assays, although they simplify and standardize the assay procedure, may
confound interpretation of results if there are marked differences in optimum pH values in different
soils. This is supported by the study of Turner (2010), who found that pH optima of each enzyme,
especially phosphodiesterase, differed depending on soil type used. Some of the relevant results of
this study are presented in Figure 1.7. Additionally, Margenot et al. (2018) found a strong linear
decrease in acid phosphomonoesterase with an increase in pH across the pH 4.7 to 6.4 gradient. This

result also did not reflect the generally accepted pH optima.
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Figure 1.7 pH optima of phosphodiesterase activity (right panel) and phosphomonoesterase activity
(left panel) in six soils under lowland tropical rain forest in the Republic of Panama. Assays were
conducted at 26°C using fluorogenic substrates in a modified universal buffer, MU:
methyllumbelliferone. Error bars are the standard errors of the means for eight replicate wells per
pH. Source: Turner (2010).
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1.2.4 Liming

Liming is the most effective and long-established management practice for reducing soil acidity and
maintaining an optimal pH for crop production (Li et al., 2019b). Although there are distinct
differences in the response to lime, for most crops there is a positive yield response to liming, and the
relationship between yield and soil pH has been quantified for several crops in the previous studies
for both arable and grasslands (Holland et al., 2018; Holland et al., 2019; Moir et al., 2016). Because
of the large differences in land use and the potential different management objectives for a given land

or parcel, the management of lime is complex. This is due to several factors:

e Lime material type and quality: ground limestone (CaCOs) is the most common liming
material, then comes dolomite limestone (CaMg(COs),). However, calcitic limestone is known
to have higher solubility compared to dolomite (Conyers et al., 1995). There is also some
liming value in other products like compost, biochar, and rock phosphate (Basak and Biswas,
2016; Dai et al., 2020; Mokolobate and Haynes, 2002; Sikora, 2002). Moreover, the most
important quality characteristics of a given liming material are : (1) the neutralizing value (e.g.,
the amount of acidity that a liming material can neutralize) and (2) particle size: the finest

material shows better results (Alvarez et al., 2009).

e Application method: for example, in the no-tillage systems such as permanent pasture higher
rates of lime should be applied compared to the system where lime is incorporated by tillage
because surface liming is less effective than incorporated lime (Auler et al., 2019). Further, a

single application is more effective than annual split doses (Alvarez et al., 2009).

e Soil properties: mineral soils with a high percentage of sand requires less lime compared to
soils with high clay content (Sinclair et al., 2014). Also, other soil characteristics like organic
matter content, cation exchange capacity, Al/Fe content, and initial/target pH influence lime
requirements (Aitken, 1992; Curtin and Trolove, 2013; Lemire et al., 2006; Tunney et al.,
2010).

Lime has numerous far-reaching impacts on plants: biomass production (Hayes et al., 2016),
nodulation (Newbould and Rangeley, 1984), mineral content (Hamilton et al., 2012), herbage quality
(Yu et al., 2011), and crop diseases (Lacey and Wilson, 2001). Soil processes and functions are also
extensively impacted by liming, and these include increased nutrient availability for crops— more

details on liming effects on soil chemical processes are listed in Table 1.1.
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Table 1.1 Impacts of liming on soil chemical processes of selected macronutrients, heavy metals,

and trace elements.

Nutrient/element

Process effect

Reference

Aluminium Decreased soil exchangeable Al Morton and Moir (2018)
Decreased Al** activity in the soil solution  Brown et al. (2008); Miotto et al.
Changes to Al speciation in the soil (2020)
solution
Phosphorus Changes to plant-available P Bouray et al. (2020); Moir et al.
(2016)
Increased organic P mineralization Condron and Goh (1990);
Condron et al. (1993)
Increased solubility of added P Simonsson et al. (2018)
Affects P loss depending on soil type Eslamian et al. (2021); Murphy
and Sims (2012)
Sulphur (S) Increased S mineralization Bolan et al. (2003)
Greater release of SO,* and increased Valeur and Nilsson (1993);
risk of SO4% loss Valeur et al. (2002)
Increased SO4* immobilization
Calcium (Ca) Increased Ca in the soil solution Takamoto et al. (2021)

Heavy metals

Increased Cd immobilization

Decreased plant uptake of Ni, Cd, Pb and
Mn
Decreased risk of heavy metal leaching

Cao et al. (2018); Wang et al.
(2021)

Cioccio et al. (2017); Kaninga et
al. (2021)

Fageria and Baligar (2008);
Houben et al. (2012)

Potassium

Increased K availability

Han et al. (2019); Li et al.
(2019b)

Trace elements

Increased Se availability
Increased adsorption of Zn, Co, B and Cu

de la Luz Mora et al. (2008)
Hale et al. (2012); Lombi et al.

(2003)

Besides, the application of lime has been found to have significant impacts on several soil biological
processes such as mineralization, decomposition, mobilization and nitrification (Kemmitt et al., 2006;
Kunhikrishnan et al., 2016; McCallum et al.,, 2015; Paradelo et al.,, 2015; Wachendorf, 2015). A
simplified qualitative framework (Figure 1.8) has been presented recently by Holland et al. (2018) to
illustrate and summarize the extensive and temporal impacts of liming on the processes and function
of soils and crops. According to a systematic review done by Holland et al. (2018), despite the volume
of research that exists on liming there remain knowledge gaps; for example, the liming impacts on
greenhouse gas emissions (Kunhikrishnan et al., 2016), soil carbon stocks (Paradelo et al., 2015), and
soil P uptake (Barrow, 2017, 2020; Barrow et al., 2020b, 2021). For instance, in terms of P, reports on
liming effects on soil P availability are generally inconsistent, limited to the chemical effects (less work
is done on the biological/biochemical side), and focused mainly on measuring P in the bulk soil (studies
on rhizosphere soil and processes in response to liming are scarce). Hence, the importance of the

present PhD research (see Chapters 4, 5 and 6).
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Figure 1.8 A qualitative framework of liming impacts for soils, crops, and biodiversity with a
chronological scale for (a) properties and processes, and (b) function (ecosystem services) within an
agricultural ecosystem. The solid circular/oval lines represent the time-span for the standard
management practices; the dashed circular/oval lines represent a shorter time for improved
management practices. Components in rectangular boxes represent different soil properties, soil
processes, and related ecosystem services, components in hexagonal boxes represent crop or grass
responses and related ecosystem services, components in diamond boxes represent regulation type
ecosystem services and components in circles represent biodiversity and cultural services, adapted
from Holland et al. (2018).

1.2.5 Phosphogypsum

Phosphogypsum (PG) is a solid by-product (waste) of the phosphate industry originating from the wet
process of phosphoric acid production (Figure 1.9). The storage and recycling of PG are essential for
many countries around the world and represent a serious concern for the phosphate industry
(Chernysh et al., 2021; Saadaoui et al.,, 2017), as it contains some heavy metals and radioactive
nuclides. The main areas where PG is produced and stacked are the USA, China, Africa, Middle East,
and Russia (Tayibi et al., 2009). The annual production of PG worldwide is estimated to be 100-280
million tons, but the utilization rate is only 10-15% on the global scale including construction
materials, agriculture, and others (Chernysh et al., 2021; El Zrelli et al.,, 2018). Therefore, PG
management and utilization are important and adequate research must be undertaken.

Phosphogypsum contains predominantly S and CaO and small amounts of P depending on the origin
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of rock phosphate; the content of main elements and impurities in PG from different countries is

presented in Table 1.2.

Table 1.2 Contents (% weight) of main elements and impurities in phosphogypsum from different

countries

Main elements and

_ N Algeria® Egypt® Morocco® Tunisia® Turkey® Brazill Canadaé
impurities

Cao 31.18 32.13 38.14 30.7 32.04 37.05 30.2
P,0s 0.87 1.82 0.69 2.51 0.50 nm 1.3
SiO, 0.88 8.78 0.86 1.38 3.44 1.39 6.38
SOs 40.90 37.60 48.12 43.8 44.67 nm 43.1
Al,O3 0.10 0.29 0.19 0.1 0.88 0.14 0.24
Na,O 1.32 nm 0.17 0.06 0.13 nm 0.05
Fe 03 0.03 0.35 0.21 0.02 0.32 0.89 0.04
MgO 0.06 0.09 nm 0.01 nm 0.30 0.41
SrO nm nm 0.08 nm nm 0.48 nm
K,0 nm nm 0.01 nm nm nm 0.06
F 1.20 0.80 nm 1.93 0.79 0.2 nm

nm: not measured

@ Kacimi et al. (2006)

® Taher (2007)
¢Renteria-Villalobos et al. (2010)

4 Hentati et al. (2015)

¢ Degirmenci et al. (2007)

fDa Conceicao and Bonotto (2006)
& Luther et al. (1993)
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Figure 1.9 Flowchart A represents the production of phosphogypsum (PG) wastes, and B represents
its marketing as an agriculture improver. TENORM: technologically enhanced naturally occurring
radioactive materials. Source: Wang (2020).

The utilization of PG in agriculture as an amendment has become a topic of considerable interest.
For instance, PG has been widely used to ameliorate the degraded soils, including saline-sodic soils
(Nayak et al., 2013), acid soils (Caires et al., 2008; Caires and Guimaraes, 2018; Crusciol et al., 2016),
eroded soils (Cochrane et al., 2005; Mamedov et al., 2010) and contaminated soils (Mahmoud and
Abd El-Kader, 2015). Details about the PG effects and mechanisms involved in the remediation
process of the degraded soils are summarized and presented in Figure 1.10. Besides, the beneficial
and adverse effects of PG utilization in agriculture were comprehensively synthetized in many recent

reviews (Chernysh et al., 2021; Saadaoui et al., 2017; Wang, 2020).
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Figure 1.10 Degraded soil amelioration using phosphogypsum: mechanisms and effects. Source: Wang (2020).
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1.3 Research objectives and thesis structure

Given the knowledge gaps highlighted and discussed in this literature review, this present PhD
research aimed to push the current science boundaries and contribute to investigating and
understanding the edaphic conditions in New Zealand hill and high-country soils in a way that serves
not only NZ context but also the wider science community. The role of the hill and high-country areas
in promoting the agriculture sector and subsequently the whole economy is indisputable. However,
from a soil science point of view, farming development and sustainability in these typical
environments necessitate a holistic understanding where four pieces are interconnected, excluding

soil moisture (Figure 1.11).

PhD Al

research toxicity

Legumes

Figure 1.11 The main research components of the present PhD project.

Specifically, the aim was to investigate the four research components above through five experiments
(five Chapters) as illustrated and summarized above, in Figure 1.12. One part of this research (three
Chapters 4, 5 and 6, each with a separate objective) was dedicated to understanding how lime-induced
pH elevation could influence soil P biochemistry and dynamics in the rhizosphere of lupins and under
open field grassland conditions. The second part was composed of two Chapters (2 and 3, each with
a separate objective) devoted to investigating the possibility of using phosphogypsum for NZ acid soils
to improve soil fertility and reduce Al toxicity. Three legumes were used: lucerne (Medicago sativa,
known for its sensitivity to Al toxicity and has high P requirements) and two lupin species: Russell lupin
(Lupinus polyphyllus) and blue lupin (Lupinus angustifolius), Lupins were selected because of their

active rhizosphere and their potential as an alternative crop for NZ hill and high-country environments.
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The objectives of this thesis are:

Objective 1: Compare the effects of PG amendment, soluble fertilizer, and lime on short-term lucerne

yield and P and S uptake in two acidic soils under controlled environment conditions (Chapter 2).

Objective 2: Examine the effect of phosphogypsum application on the distribution of Al species in the
porewaters of both planted and incubated (unplanted) acid soils using the Visual Minteq Model

(Chapter 3).

Objective 3: Examine the effect of soil pH change through liming from 5.3 to 6.0 on rhizosphere
properties involved in P mobilization and acquisition by Lupinus polyphyllus and Lupinus angustifolius

(Chapter 4).

Objective 4: Examine the impact of soil pH increase to near-neutral (pH 6.3) using lime on (1) acid
phosphatase activity and labile P (DGT-P) distribution patterns in the rhizosphere of Lupinus
angustifolius grown in two contrasting acid pasture soils, using colorimetric DGT with zymography, (2)

root morphological and physiological root traits (Chapter 5).

Objective 5: Evaluate and quantify the effects of liming on P biochemistry and dynamics by conducting

an 18-month field experiment on a long-term (+60 years) permanent fertilized grassland (Chapter 6).
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Chapter 1: General introduction (background of the study and literature review)

7

Overall thesis objective: Investigate the impact of soil amendments on soil phosphorus biochemistry and dynamics as well as on
aluminium bioavailability, and impact on selected legumes.
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/Hypothesis 1: PG would improve soil P and S fertility, and consequently enhance plant nutrient uptake and yield (Chapter 2).
Hypothesis 2: PG would reduce the concentration of AI** in the soil solution and effects of PG on Al speciation would depend on
soil type and plant growth influence (Chapter 3).
Hypothesis 3: liming would strongly affect the biochemical P processes in the rhizosphere of lupins, and P dynamics in the rhizosphere
of lupins would depend on the response of those processes to both pH elevation and plant growth effects (Chapter 4).

Hypothesis 4: increasing soil pH to near-neutral (pH 6.3) would increase P availability and promote enzyme activity in the
rhizosphere, alter root morphology and increase the exudation of organic anions (Chapter 5).
Hypothesis 5: liming would increase P availability by enhancing microbial activity, altering phosphatase activity, and subsequently
Qromoting organic P mineralization (Chapter 6).
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Chapter 7: General discussion, conclusions, and future research

Figure 1.12 Overview of thesis structure.
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Chapter 2
Impacts of Phosphogypsum, Soluble Fertilizer and Lime
Amendment of Acid Soils on the Bioavailability of Phosphorus
and Sulphur Under Lucerne (Medicago sativa)

(Published paper)

2.1 Introduction

Soil acidity coupled with phytotoxic concentrations of soil exchangeable aluminium (Al) and low P
availability and very low sulphur (S) availability are among the major limitations to legume
establishment and growth in New Zealand hill and high country farms (Haynes and Williams, 1993;
Maxwell et al., 2013; Moir et al., 2016). Lucerne (Medicago sativa) is one of the most valuable forage
legumes in New Zealand but is very sensitive to Al and manganese toxicities that prevail in low pH
(Rechcigl et al., 1988; Su and Evans, 1996) and P availability (Moir et al., 2016). Hence the lime
application is often an essential prerequisite to counteract soil acidity and enhance legume
establishment and persistence in grasslands (Edmeades et al., 1983). However, liming effectiveness
is limited to the shallow top-soil layer and has a very limited effect on subsoil acidity in the short
term (Moir and Moot, 2010) due to its low solubility and passive movement down the soil profile

(Hendrie et al., 2018; Kirchhof et al., 1995).

Most productive pasture legumes are adapted to highly fertile soils (Haynes and Williams, 1993). In
contrast, soil fertility levels (plant-available P and S) are often low in many hill and high country soils
in New Zealand (Maxwell et al., 2013) due to low fertilizer inputs (Moir et al., 2000) which are driven
by the economics of fertilizer and lime application in these complicated topographical areas
requiring aerial application (Gillingham et al., 1999). As such, the sustainability of legume production
in New Zealand hill and high-country pastures may depend on new alternative affordable sources

of nutrients for the farmers.
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Phosphogypsum (PG), a by-product of the phosphoric fertilizer industry, is produced when rock
phosphate (fluorapatite) is digested with concentrated sulphuric acid according to the following

chemical formula:

Cay(PO,)eF, + 10 H,S0, + 20 H,0 & 6 H3PO, + 10 CaS0,.2 H,0 + 2 HF. (2.1)

About 160 million tons of phosphogypsum are produced annually worldwide and it is mainly
disposed of in large stockpiles or discharged in water bodies (IAEA, 2013). It contains predominantly
sulphur and calcium oxide and small amounts of phosphorus (Saadaoui et al., 2017). It may contain
small amounts of heavy metals and radioactive element impurities, whose concentrations depend
on the composition of raw materials (Arnold and Hurst, 1980; Mazzilli et al., 2000) and the
processing method used (Rutherford et al., 1995). Because of these impurities, the use of PG has
been restricted in some markets, although these restrictions did not always have a proper scientific

justification (IAEA, 2013).

Phosphogypsum is used in agriculture all over the world, for example in Brazil, Spain, Australia, India,
Pakistan, USA and Egypt (Abril et al., 2008; Alcordo and Rechcigl, 1993; Vyshpolsky et al., 2008),
either as soil amendment under the category “calcium sulphate” or as fertilizer (Mesic et al., 2016).
Several benefits of PG application in agriculture have been reported worldwide for saline / sodic
soils (AGAR, 2011; Armstrong and Tanton, 1992; Nayak et al., 2011) or acidic soils (Caires and
Guimardes, 2018; Crusciol et al., 2016; Degirmenci et al., 2007; Masud et al., 2015). However,
research on PG application on acid soils has mostly focused on its effects in alleviating the toxic
effects of high Al bioavailability or used in providing calcium for crops (Crusciol et al., 2016). Studies
examining PG effects on soil fertility in general and on P and S availability in acid soils (pH < 5) for

legumes are limited; to date, there has been no research on PG use in NZ grasslands.

The main objective of this study was to compare the effects of PG amendment, soluble fertilizer and
lime on short-term lucerne yield and P and S uptake in two acid soils under controlled environment
conditions. We hypothesized that PG would improve soil P and S fertility, and consequently enhance

plant nutrient uptake and yield.
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2.2 Material and methods

2.2.1 Soil characteristics

Two acid soils with different chemical and physical properties were used (Table 2.1). They were

collected from two sites and are known to be phosphorus-deficient and have high bioavailable Al

concentrations (Martin-Hendrie, 2019; Whitley, 2018). The “GM”’ soil was sampled from Glenmore

station, located on the southern banks of Lake Tekapo, central Canterbury, while the “MQ"” soil was

collected from Molesworth station, in the Marlborough region. The two soils are classified as

Dystrudepts (USDA, 2014) or Brown soils (NZ soil classification after (Hewitt, 2010)). Upon collection

(015 cm), plant material and stones were removed. The soils were air-dried and sieved (4 mm

mesh).

Table 2.1 Results of soil chemical and particle-size distribution before the establishment of the

experiment.
Soil Analysis Molesworth Glenmore By method of
pH (H,0) 4.7 5.0 Blackmore et al. (1987)
Olsen P (mg kg?) 13 18 Olsen et al. (1954)
Resin P (mg kg?) 24 31 Saggar et al. (1990)
P retention (%) 59 42 Blackmore et al. (1987)
Inorga.nlc P (mg k? ) 160 196 Bowman and Moir (1993); Dick and
Organic P (mg kg") 440 696 Tabatabai (1977b); Turner et al. (2005)
P organic/P inorganic ratio  2.75 3.55 ’ )
Sulphate sulphur (ug gt) 9 15 Watkinson and Kear (1994)
Reserve K (me 100g?) 6.45 2.10 Carey and Metherell (2003)
Anaerobic Min N (kg ha™) 102 169 Keeney and Bremner (1966a)
Organic matter (% w w) 8.5 10.6 Blackmore et al. (1987)
Exchangeable Al (mg kg?) 21 8 Hoyt and Nyborg (1972)
Total N (% w Wll) 0.38 0.53 (Dumas combustion method using an
Total C (% w w”) 4.91 6.18 Elementar Vario Max Cube Analyzer)
Carbon/Nitrogen 12.9 11.7
CEC (meq 100g?) 14 17 Brown (1943)
Ca (meq 100g1?) 0.9 4.7
Mg (meq 100g?) 0.43 0.79
K (meq 100g?) 0.40 0.36 Rayment and Higginson (1992)
Na (meq 100g7) 0.06 0.07
Base saturation (%) 12.9 34.1
Particle-Size distribution %
Clay (0.05-2um) 17 13 I
Sand (20-2000 pm) 51 48 ISSS Classification
Silt (2—20 pum) 32 40

ISSS International Society of Soil Science.
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2.2.2 Experimental design and treatments

The sieved soils were subjected to one of four treatments. In PG treatment, four rates of
phosphogypsum: 0, 1,3 and 9t ha™ (5.4, 16.2 and 48.6 kg P ha™ and, 113, 339 and 1017 kg of S ha™
respectively) were applied. In the soluble fertilizer (PS) treatment, P and S were applied at four rates
to match the amount of the nutrients in the PG treatment: P was supplied as 0, 22, 66 and 198 kg
of monocalcium phosphate (CaHPO4) ha™, while S was supplied as 0, 0.5, 1.5 and 4.5 t ha™* of sodium
sulphate (Na;S0.). The rates of PG and PS were gradually increased to achieve an optimum Olsen P
range of 25-30 mg kg™ for lucerne (Pang et al., 2010b; Roberts et al., 1994; Sandral et al., 2019) at
the highest rate. The chemical composition of PG and soluble fertilizers used in this study is

presented in Table 2.2.

The four rates of PG and PS are reported in the text, tables and figures as RO, R1, R2 and R3
respectively and each rate supplies the same amount of P and S for both PG and PS. The control

treatment corresponds to rate 0 (RO) where no P and S inputs were supplied.

Table 2.2 Chemical composition of the fertilizers used in the experiment.

pHw P K S Ca Mg Na Al As Cd
PG % (wtwt?!) 3.5 054 0.08 11.30 16.11 0.03 0.19 0.12 4.10* 2.10*
Na,SOs % (wtwt?) - - 0.01 22,6 0.01 - - - 0 0
CaHPO; % (wtwt?) - 246 - 0.1 159 - - - - -

wt wt= weight/weight.

Both PG and soluble fertilizer (PS) treatments were applied alone (without lime: 0 t ha™) but were
also applied in combination with lime (2 t CaCOs ha™, lab-grade lime). This experiment was a 4x2x2
factorial design with 4 rates of PG or PS separately, two soils and two lime rates (0 and 2 t ha™).
Four replicates were used for each treatment level, giving a total of 112 pots. The lime treatment
was included to increase soil pH and thus facilitate seedling emergence and plant establishment and
to test for possible interactions with PG and PS. The lime rate of 2 t ha™* has been used based on the
findings of a pot experiment (Whitley, 2018). It has been reported to be an optimum lime rate for

lucerne yielding under the same soil types investigated in this study.

Lime, PG and soluble fertilizer treatments were thoroughly mixed with 200 g of air-dried soil. Basal

potassium (K) was also mixed with the soil (300 kg of K ha™ as KCl). The treated soils were deployed
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in 250 mL plastic plant pots (66 mm diameter x 75 mm height) with holes at the bottom and
distributed in a complete randomized block design on a table at Lincoln University (Lincoln, NZ)
glasshouse facilities (Plate 2.1a). The daily average temperature for the experiment period was 18
°C. A small pot size was used to create a rhizosphere environment where nutrient uptake could be
enhanced and to speed up soil nutrient cycling enabling to see treatment effect in short period of

time. However, this could negatively impact plant growth (Poorter et al., 2012).

Lucerne (M. sativa, cv. Grasslands Kaituna) seeds were directly sown into the pots. After
germination, the plants in each pot were thinned to 3 seedlings per pot and grown for six months,
between March 16" to September 23, 2018. The pots were inoculated with a commercial (diluted
peat culture) rhizobia strain, Group AL (New-Edge Microbials Pty. Ltd, Albury, Australia) 30 days
post-germination to insure that an active rhizobia population is present in the soil. Throughout the
growth period, soil moisture was monitored using high-frequency capacitance volumetric water
content sensors (Decagon 5TM, Decagon Devices LTD, Pullman, Washington, USA) installed within

the soil and maintained at 22-25% (v/v) by an automated dripper irrigation system (Plate 2.1b).

Plate 2.1 Pots distributed to four blocks on a table in the glasshouse (a), automated irrigation
system (b) and phosphogypsum product used in this experiment (c).
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2.2.3 Plant and soil sampling and analysis

Lucerne shoots were harvested four times during the experiment period by cutting 2 cm above the
crown of each plant, oven-dried at 70 °C for 48 h, weighed, finely ground and bulked on an individual
pot basis. Therefore, shoot nutrient uptake data shown in this study represents the average of the
four harvests and shoot DM yields data represents the sum of the four harvests per pot. At the end
of the experiment, the roots were harvested, whereupon they were carefully cleaned using
deionized water, dried at 70 °C for 48 h and then weighed. The soils were then collected and air-
dried at 30 °C for 7 days. After drying the soil was sieved (2 mm) and stored at room temperature in

polyethylene bags to await for analysis.

The chemical characteristics of the soils were determined using standard methods (Table 2.1). Soil
pH (1:2.5 soil: water ratio) was measured using both deionized water and 0.01 M CaCl,. Bioavailable
soil P (Olsen P) was extracted using 0.5 M sodium bicarbonate and was analyzed in a discrete wet
chemistry analyzer (Smartchem TM 200, AMS Alliance, Paris, France). Exchangeable aluminium was
extracted using 0.02 M CaCl; (1:4 soil: water ratio) and analyzed using Inductively Coupled Plasma
Optical Emission Spectrophotometry (ICP-OES: Varian 720-ES ICP-OES, Varian, Melbourne,

Australia).

Herbage samples underwent acid digestion (Nitric acid (HNOs; 69%)-Hydrogen Peroxide (H,0; 30%),
1:1 v/v) using a microwave digester (CEM MARS XpressTM, CEM Corp., Matthews, North Carolina,
USA) (NIST, 1995). The digest solution was analyzed for total P and S using Inductively Coupled
Plasma Optical Emission Spectrophotometer (ICP-OES: Varian 720-ES ICP-OES, Varian, Melbourne,

Australia).

2.2.4 Statistical analysis

The data were analyzed at the end of the experiment and were subjected to analysis of variance
(ANOVA) using Minitab® statistical software version 18 (Minitab, Inc., State College, Pennsylvania,
USA). The normality of data distribution was verified as well as the homogeneity of variances to
meet the ANOVA assumptions. The outliers were removed from the data set using Grubbs’ test at

the significance level of 0.05. The phosphogypsum or soluble fertilizer treatments, lime treatments
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and soil types were considered as fixed factors. Three-way ANOVA was carried out to test the
significance of the main effect of each factor and to identify any significant interactions between
them, it was carried out for (PG, lime and soil types) and (PS, lime and soil types) separately. One-
way-ANOVA was used to test the effect of treatment levels on soil parameters (Olsen P, pH and
exchangeable Al) and plant parameters (yield and uptakes). Where differences between the means
were significant (p < 0.05), the Dunnett test (a = 5%) was used to compare treatment levels to the
control level. The comparison between PS and PG effect per rate on TDM yield was performed using
a two-sample t-test at 5%. The effects were considered to be significant when p <0.05. A correlation
matrix was developed using the Pearson method to establish the relationships between P and S
concentrations in the shoots and shoot DM yields. A simple linear regression was used to study the
relationship between PG and PS application rates and soil Olsen P. A multiple linear regression
(backward elimination) was used to determine the most important soil variable (pH, Olsen P or
exchangeable Al) in impacting TDM yield. The variables were standardized by subtracting the mean

then divide by standard deviation.

2.3 Results

2.3.1 Phosphogypsum effects on yield and nutrient uptake

Plant response to soil inputs varied depending on the soil type and treatment type and rate (Figure
2.1 and 2.2). Total dry matter (TDM) yields were different (p < 0.001) between the two soils, an
average of 1.2 g and 3.2 g TDM yield per pot were recorded for Molesworth (MO) and Glenmore
(GM) soils respectively, across all treatments. Likewise, the main effect of liming and
phosphogypsum (PG) was significant on TDM vyield per pot. However, the soluble fertilizer’s (PS)
main effect was not significant (Table 2.3). Moreover, the effect of the interaction on the TDM yield
was only significant for soil x PG. As such, the significance of the simple effect of PG was presented

for GM and MO separately under the two lime rates (Figure 2.2).
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Table 2.3 Summary of the analyses of variance (3 way ANOVA) to evaluate the effect of soil type,
lime and phosphogypsum (PG) or soluble fertilizer (PG) and their interactions on total dry matter
yield of lucerne (TDM, g pot™).

Factors Phosphogypsum (PG) Soluble fertilizer (PS)

Soil (S) * 5k K * ok ok
Lime (L) *** ok ok
Rate (R) *** n.s.
S*L n.s. n.s.
S*R ok n.s
L*R n.s. n.s
S*L*R n.s. n.s

Asterisks indicate significant effect levels (*p < 0.05, **p < 0.01, ***p < 0.001), n.s. not significant.
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Figure 2.1 Total dry matter yield (g pot™, n = 8) of lucerne (Medicago sativa) after six-month
growth period under two different soils: Molesworth and Glenmore , as affected by four rates of
phosphogypsum (PG) across two lime treatments (0 and 2 t ha™). Error bars indicate standard
errors (t SE, n = 8). Means of TDM for GM and MO per rate (RO to R3) were separated using a two-
sample t-test at 5%. Asterisks above bars indicate the level of significance in the difference
between the two soils within each rate of PG (**p < 0.01, ***p < 0.001, n.s. not significant).

At the highest tested rate, R3 =9 t ha™, the PG increased (p < 0.01) the TDM vyield compared to the
control (RO) in the unlimed MO soils (Figure 2.2a), whilst at the rates of (R1=1tha™)and (R2=3t
ha™), the yields were lower and no significant effects were recorded compared to the control.

Whereas, in unlimed GM soil, the PG (9 t ha™) effect on the yield was not significant compared to

the control unless combined with lime. The yields were greater in the presence of lime for both PG
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and PS application. Phosphogypsum at R3 (9 t ha™) combined with lime (2 t ha™) increased TDM
yield in the order of 46% and 77% compared with PG (9 t ha™') alone for GM and MO respectively.
Similarly, soluble fertilizer applied at the same rates of S and P and combined with lime (R3 + Lime),

increased the yield by 20% and 91% compared to PS (R3) alone for GM and MO respectively.

The comparison between PG and PS in terms of TDM yields generated per rate under the two
investigated soils and lime rates are shown in Figure 2.2. Trends in dry matter yields were relatively
similar for PG and soluble fertilizer (PS) treatments in MO soil (Figure 2.2a); the yields increased
proportionally to the application rate. However, where lime was added, an opposite trend was
observed between PG and PS for GM soil (Figure 2.2b). In most cases, the average TDM yield
produced per rate were not different (p > 0.05) between PG and PS regardless of soil and lime
effects, except for R3 under unlimed MO and R3 under limed GM where PG effect was significantly

(p < 0.01) higher compared to PS.
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Figure 2.2 Comparison between the effects of phosphogypsum (PG) and soluble fertilizer (PS) on
total dry matter yield (g pot™, n = 4) of lucerne (Medicago sativa) after six month growth period
under two different soils: Molesworth (a) and Glenmore (b) treated (+) or not (=) with lime. Error
bars indicate standard errors (+ SE, n = 4). Means of TDM for PG and PS per rate (RO to R3) were
separated using a two-sample t-test at 5%, means indicated by the same lower-case letter per
rate are not significantly different. Asterisks above bars indicate the application rate where TDM
was significantly higher compared to the corresponding control under PG and PS separately,
according to the Dunnett test at 5%. ** indicates a one-way ANOVA significance level (1%).

For the MO soil, most of the treatments without lime did not result in enough shoot dry matter for
herbage analysis; the quantities harvested were less than 0.2 g which is the minimum required shoot
weight for nutrients analysis through digestion solution, thus data of P and S uptakes were not
determined. Shoots of the plants grown on limed GM soil showed higher P and S uptakes than those
grown on limed MO soil. Significant treatment effects were recorded for the two soils regarding S
uptake (Table 2.4). The highest S uptakes were found under PS (R3) and PG (R3) both combined with

lime irrespective of soil type, though PG (R3) either combined with lime or not significantly enhanced

S uptake compared with the control under GM soil. For P, the highest uptakes were recorded under
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PG (R3) combined with lime regardless of soil type. For example, under limed GM soil, PG (R3)
increased (p < 0.05) P uptake by 35% compared to PS (R3) and by 21% compared with the control
(RO). However, without lime addition, PG's effect on nutrient uptake, particularly P, was similar to

PS.

Table 2.4 The effects of phosphogypsum (PG), soluble fertilizer (PS) and lime on lucerne (Medicago
sativa) shoot P and S uptakes from Glenmore and Molesworth soils after a six-month plant growth
period. Within rows, means followed by the same lower-case letter are not significantly different
(Dunnett test at 5%, RO = control). Within columns, means were compared using a two-sample t-
test at 5%.

P uptake (mg pot™?) S uptake (mg pot™)
RO R1 R2 R3 p value* RO R1 R2 R3 p value*
Glenmore
(-) Phosphogypsum 3.76 2.31 3.11 3.87 n.s. 4.55a 4.31a 5.96b 8.32b <0.001***
Lime Soluble fertilizer 3.76 2.79 3.78 2.87 n.s. 4.55 4.57 5.71 7.69 n.s.
P valuet n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(+) Phosphogypsum 4.44 3.73 4.61 5.65 n.s. 5.92a 5.79a 7.72a 9.77b < 0.001***
Lime Soluble fertilizer 4.44 3.89 4.15 3.65 n.s. 5.92 6.77 7.13 8.36 n.s.
P valuet n.s. n.s. n.s. 0.043* n.s. n.s. n.s. n.s
Molesworth (MO)
(-) Phosphogypsum n.d. n.d. n.d. 0.50 N.A. n.d n.d. n.d. 1.33 N.A.
Lime Soluble fertilizer n.d. n.d. n.d. n.d. N.A. n.d n.d. n.d. n.d. N.A.
P valuet N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.
(+) Phosphogypsum 143 2.08 2.26 2.52 0.053n.s. 1.97a 3.46a 3.86b 5.36b 0.001**
Lime Soluble fertilizer 143 1.68 1.81 2.20 n.s. 1.97a 3.02a 3.63a 5.67b 0.002**
P valuet n.s. n.s n.s. n.s. n.s. n.s. n.s. n.s.

Asterisks indicate significant effect levels (*p < 0.05, **p < 0.01, ***p < 0.001). N.A. not applicable,
n.d. not determined, n.s. not significant, ¥ One-way ANOVA at 5%, T two-sample t-test at 5%.

The multiple linear regression analysis results are presented in Table 2.5. The data of PG and PS
treatments were compiled to conduct this analysis (n = 128). The comparison of standardized
coefficients for the three considered variables (pH, exchangeable Al and Olsen P) revealed that pH
was the most important factor in impacting the TDM yield followed by Olsen P, then exchangeable
aluminium. The interaction between these three predictors was not significant, therefore excluded
from the model. The regression equation is presented below:

TDM yield = —13.20 + 2.89 pHcaciz + 0.042 Exchangeable Al + 0.082 Olsen P (2.2)
(n =128, p <0.001, Adjusted R = 25%)
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Table 2.5 Multiple linear analysis regression results (coded coefficients).

Standardized coefficients SE coefficients tvalue pvalue VIF

Constant 2.15 0.13 16.63 <0.001

pH (CacCly) 0.70 0.14 5.08 <0.001 1.14
Exchangeable Al 0.31 0.16 2.01 0.047 1.45
Olsen P 0.40 0.15 2.55 0.012 1.43

VIF variance inflation factor, SE standard error.

2.3.2 Phosphogypsum effects on soil pH, Olsen P and exchangeable aluminium

Soil pH and exchangeable Al concentrations in both soils changed during the six-month growth
period (Tables 2.6 and 2.7). There were decreases in both pH (H,0) and pH (CaCl,) between the
highest and lowest PG application rates in the GM soil and for the pH (H,0) in the MO soil, while the
pH (CacCly) in the MO soil was relatively stable. Adding lime increased the pH of both soils and while
the PG treatments mostly negated this effect at the highest rate, the lime generally reduced the
acidifying effect of increasing PG application rate. When lime was applied, a significant decrease in
pH was seen in the pH (H,0) of both soils between the highest and lowest PG application rates.
Another notable exception was the pH (CaCly) in the MO soil, where the effect of the lime was
comparatively similar across the four levels of PG. The PS treatments did not significantly change
the pH (H,0) of the soils. Further, an increase (p < 0.05) in pH (CaCl,) was observed at the highest

rate (R3) compared with the corresponding controls for limed GM and unlimed MO soils.

Exchangeable aluminium concentrations under different treatments in both soils exceeded the
toxicity threshold of 3 mg kg™ (Moir et al., 2016) for most grassland legume species. However, a
substantial decrease of exchangeable Al content was observed for some treatments. For example,
5.9 and 7.5 mg kg™! decrease of exchangeable Al concentration in GM and MO respectively were
found under limed control (RO) compared with the unlimed control. A decrease of 5.3 and 2.4 mg
kg™! of exchangeable Al was recorded in unlimed GM and MO soils respectively at R1 =1t ha™? of
PG compared with the corresponding controls, also a reduction of 5.7 mg of exchangeable
aluminium per kg of unlimed MO soil at R2 (3 t PG ha™) compared with the corresponding control
was observed. Whereas, at R3 (9 t PG ha™) the soil exchangeable aluminium increased in both soils.
The same effect has been observed for soluble fertilizer PS (R3) in both soils, but PS was less effective

in reducing soil exchangeable Al at low rates (R1 and R2) compared to PG; a decrease of 2.9 mg kg™
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was observed for PS (R1) in the unlimed GM soil only. The exchangeable Al concentrations were

relatively higher across all PS treatments compared to PG treatment in the absence of lime.

Table 2.6 Effects of phosphogypsum and soluble fertilizer on soil pH (water and CaCl;) and
exchangeable aluminium in both Glenmore and Molesworth soils under no lime application, after
six months plant growth period. Within rows, means followed by the same lower-case letter are
not significantly different (Dunnett test at 5%, RO = control). Within columns, means were
compared using a two-sample t-test at 5%.

Phosphogypsum (PG) Soluble fertilizer (PS)

RO R1 R2 R3 p value* RO R1 R2 R3 p value*
pH water
Glenmore (GM) 4.84a 4.82a 4.63a 4.42b 0.037* 4.84 5.03 5.00 4.86 n.s.
Molesworth (MO) 4.83 4.66 4,59 4.49 n.s 4.83 4.81 4.80 4.82 n.s.
P value® n.s. n.s n.s. n.s. n.s. 0.041* n.s. n.s.
pH CaC|2
Glenmore (GM) 4.47 4.39 431 4.23 n.s. 4.47 4.38 441 4.46 n.s.
Molesworth (MO) 4.16  4.24 430 431 n.s. 4.16a 4.33b 4.30a 4.43b 0.006**
P valuet n.s. 0.040* n.s. n.s. n.s. n.s. n.s. n.s.
Exchangeable Al (mg kg™1)
Glenmore (GM) 22.6 17.3 26.6 31.9 n.s. 22.6a 19.7a 29.7b 31.8b 0.037*
Molesworth(MO) 20.9 18.5 15.2 21.0 n.s. 20.9 21.5 20.1 20.7 n.s.
P valuet n.s. n.s. n.s.. n.s. n.s. n.s. n.s. n.s.

Asterisks indicate significant effect levels (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant).
RO to R3 indicates the four rates of PG (0, 1, 3 and 9 t ha™) and their equivalence for PS. £ One-
way ANOVA at 5%; t two-sample t-test at 5%.

Table 2.7 Effects of phosphogypsum and soluble fertilizer on pH (water and CaCl;) and
exchangeable aluminium in Glenmore and Molesworth soils under liming (2 t ha™) conditions.
Within rows, means followed by the same lower-case letter are not significantly different
(Dunnett test at 5%, RO = control). Within columns, means were compared using a two-sample t-
test at 5%.

Phosphogypsum (PG) Soluble fertilizer (PG)
RO R1 R2 R3 p value* RO R1 R2 R3 p value

pH water
Glenmore (GM) 5.26a 5.16a 5.00b 4.66b <0.001*** 5.26 5.27 5.27 5.20 n.s.
Molesworth(MO) 5.35a 5.23a 5.03b 4.82b <0.001*** 535 5.33 5.33 5.32 n.s.

P value® n.s n.s. n.s. 0.042* n.s. n.s. 0.018* n.s.

pH CaCl;

Glenmore (GM) 4.64a 4.74a 4.73a 4.52b  0.011* 4.64a 4.75a 4.80a 4.86b 0.043*
Molesworth(MO) 4.73 4.74 4.74 4.65 n.s. 4.73 4.76 4.82 4.88 n.s.

P valuet n.s. n.s. n.s. 0.045%* n.s. n.s. n.s. n.s.

Exchangeable Al (mg kg™1)

Glenmore (GM) 16.7a 16.8a 20.6a 30.4b 0.004** 16.7 16.3 19.5 22.0 n.s.
Molesworth(MO) 13.4 10.9 129 20.2 n.s. 134 15.7 13.2 14.3 n.s.
P valuet n.s. 0.026* n.s. n.s. n.s. n.s. n.s. n.s.

Asterisks indicate significant effect levels (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant).
RO to R3 indicates the four rates of PG (0, 1, 3 and 9 t ha™) and their equivalence for PS.  One-
way ANOVA at 5%, T two-sample t-test at 5%.
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The relationships between PG and PS treatments and soil Olsen P are presented in Figure 2.3. The
Olsen P measured in both soils increased (p < 0.05) in the presence of PG with a maximum recorded
at 9t PG hal where Olsen P increase by 8 and 7 mg kg™ compared with the control (0 t ha™) for MO
and GM soils respectively. Similarly, PS increased (p < 0.05) Olsen P by 6 and 11 mg kg™ at the highest
rate (198 kg MCP ha™) compared with the control (0 kg MCP ha™) for MO and GM soils respectively.
The average Olsen P across all treatments of PG or PS was higher (p < 0.05) in GM soil compared to
MO soil for both 0 and 2 t lime ha™ (Table 2.8). The average Olsen P across all PG rates decreased
under liming in both soils but to a lesser extent compared to PS. For example, in limed GM soil, the
average Olsen P for PG decreased by 0.9 mg kg™! compared to the unlimed GM. However, for PS the
decrease was 5 times higher than that of PG. A similar trend was observed in the limed MO soil
compared to unlimed MO, though the difference between PG and PS is not as large as in GM soil.

Table 2.8 Average soil Olsen P (mg kg™ + SE) measured after 6 months of phosphogypsum (PG),
soluble fertilizer (PS) and lime application to two different soils (Glenmore and Molesworth).

Within columns, means followed by the same lower-case letter are not significantly different
(Dunnett test at 5%). Within rows, means were compared using a two-sample t-test at 5%.

(-) Lime (0 tha™) (+) lime (2 tha™)
Glenmore Molesworth  pvalue*  Glenmore Molesworth  pvalue
Control 17.1+1.51a 145+0.67a n.s. 17.3+0.80a 11.0+£0.73a 0.002**

Phosphogypsum 20.0+1.10a 16.9+1.06a 0.051n.s. 19.1+0.86a 13.2+0.70b  <0.001***
Soluble fertilizer 21.8+1.40b 16.9+0.85a 0.008** 17.5%1.1a 12.5+0.41a  <0.001%***
p value' 0.025* n.s. n.s. 0.044*

Asterisks indicate significant effect levels (*p < 0.05, **p < 0.01, ***p < 0.001), n.s. not significant.
Tt One-way ANOVA at 5%, ¥ two-sample t-test at 5%.
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Figure 2.3 Relationship between mean Olsen P (mg kg%, n = 4) and application rate of phosphogypsum (PG, t ha™)) and soluble fertilizer (PS, kg of MCP ha™)

combined or not with lime under Molesworth ((a) and (b)) and Glenmore ((c) and (d)) soils, separately. Error bars indicate upper standard errors (SE, n = 4).

MCP: mono-calcium phosphate (CaHPOQ,). Asterisks indicate the application rates which are significantly different from the control (0 tons or 0 kg ha™),

according to the Dunnett test at 5%. * and ** indicate a one-way ANOVA significance level of 5 and 1%.
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2.4 Discussion

2.4.1 Phosphogypsum effects on yield and nutrient uptake

The difference in TDM yields produced under MO and GM soils regardless of treatment type can be
attributed to the initial soil fertility. Low soil pH coupled with high exchangeable Al in the MO soil
prevented seedlings from germinating and establishing (TDM = 0 g pot™ for control), thus depressing
the overall average TDM in that soil compared with GM. Despite showing a decrease in exchangeable
Alat 1and 3 tha™, PG effects on TDM yields were less efficient than lime alone even at high application
rates independently of soil type. These findings support the evidence that reducing exchangeable Al
without improving soil pH will not be sufficient for legumes to persist. Therefore, lime was more
efficient as it significantly increased soil pH while reducing exchangeable aluminium, which was not
the case for PG. However, the mixture PG + Lime enhanced dry matter yield better than lime alone
due to the supply of P and S through PG application. These two elements are considered the most
limiting edaphic requirement to legumes in NZ hill and high country farms (Haynes and Williams, 1993;
Moir et al., 1997) which is consistent with the highest DM vyields being observed when PG + Lime or PS
+ Lime were applied to MO soil. However, under GM soil TDM yield response to PS and PG did not
support this hypothesis, except for PG at the highest rate where a significant increase in the yield was

observed compared to the control under liming conditions.

The response to PG + Lime or PS + Lime was more pronounced for the MO soil compared to the GM
soil, presumably because of the low initial P and S content of MO soil. The S04>™-S level of the GM soil
was above 10-12 mg S Kg™%, which is the range for near-maximum pasture on hill and high country
farms in NZ (Morton and Roberts, 1999). For the MO soil, SO42™-S level was below that range and its
initial Olsen P was 5 units lower than GM. Additionally, the poor response to PS and PG in the unlimed
GM soil compared to unlimed MO soil in terms of TDM vyield could also be due to the exhibited higher
Al bioavailability. For example, the drop in TDM yield observed at PS (R3) under unlimed GM soil was
coincided with a significantly higher exchangeable Al concentration compared to the rest of the PS

treatments.

The improvement of TDM yield under limed GM at PG (R3) against PS (R3) is supported by the
significantly higher P uptake and higher S uptake for PG (R3) compared to PS (R3). This was in
agreement with the difference in Olsen P concentration between the two treatments (AOlsen P = 1.5
mg kg™!) even though PS (R3) has greatly increased Olsen P compared to PG (R3) in the absence of lime
(AOlsen P = 4 mg kg™?) for the same soil. These findings suggest that the depressive effect of lime on P
availability is higher for PS than PG. Moreover, at R3 (9 t ha™!), PG supplied large amounts of Ca which

were found to decrease Al activity in soil solution when Ca?*/AI** ratio is high even if exchangeable Al
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is high (Cunha et al., 2018), therefore alleviating its deleterious effects on roots (Bakker et al., 2000;
Brady et al., 1993; Manoharan et al., 1996).

The fact that P uptakes were not significantly affected by P supply for PG and PS treatments in the
absence of lime compared with the control (RO), gives insight that this was likely related to other
factors, probably soil pH. This explanation is strongly supported by higher P uptakes measured under
Lime + PG and Lime + PS where pH is significantly higher. Similar findings were recently found by Otieno
et al. (2018) in acid soils of western Kenya. Additionally, the combination PG + L has been reported to
stimulate soil microbial activity (Inagaki et al., 2016; Lee et al., 2009) and this could have improved

phosphorus bioavailability.

The continuous increase in shoot uptaken S per pot with PG and PS rate increase indicates that lucerne
was still S-uptake responsive to S supply even at high rates and that PG can be an alternative source
for S fertilization as it performed almost identically to soluble fertilizer in both soils. The sulphur
concentration of shoots under different PG and PS rates exceeded the optimum range of 0.18-0.22%

S, suggested by Craighead and Metherell (2006) for NZ high and hill country farms.

Lime addition increased S uptake under both PG and PS treatments. This was likely due to the
mobilization of the adsorbed SO42” at low pHs (Martini and Mutters, 1984; Mehlich, 1964). The effect
of lime is usually attributed to the competition between OH™ and SO4%~ on adsorption sites on Fe and
Al hydrous oxides and P compounds may also compete for adsorption sites as they become more
soluble at higher pHs (Korentajer et al., 1983). Furthermore, the enhancement of root growth following
lime application could also explain the greater uptakes of P and S with increased soil pH (Appendix A:

Figure A.1).

We can conclude from the negative linear relationships exhibited between shoot dry matter yields and
the shoot concentration of P and S (Table 2.9), that P and S supply may not be limiting the yield in GM
soil. This explanation is supported by the observed mean nutrient concentrations in the plant shoots,
which are in “adequate” range according to Craighead and Metherell (2006); Morton et al. (1999);
Venter et al. (2004). This hypothesis is also in line with the TDM vyield data in GM soil where no
significant differences were found between the control and treated soils with P and S either through
PS or PG, except PG (R3 + Lime). Conversely, the decrease of P and S content of shoots with increased
yield could be due to the “ dilution effect”” associated with the extra dry matter production (Jarrell and

Beverly, 1981).
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Table 2.9 Correlation matrices of the nutrient concentrations (g kg™ of shoot DM) and shoot DM
yield (g) produced in GM and MO soils

Glenmore (GM) soil Molesworth (MO) soil
Shoot DM S content Shoot DM S content
S content -0.65*** -0.19 n.s.

P content -0.53*** -0.40** -0.11n.s. 0.41%*
Asterisks indicate significance levels of the relations (*p < 0.05, **p < 0.01, ***p < 0.001), n.s. not
significant.

The correlation matrix showed weak relationships between nutrients concentrations and shoot yield
under MO soil. However, the mean P concentrations across all treatments were below deficiency
values. This indicates that the uptake of P is not solely dependent on its availability in this soil but
influenced by other factors, most likely soil pH. Although no strong correlation was found between
shoot yield and shoot S concentrations, an increase in S concentration was recorded when sulphur was
supplied through PG and PS compared to the control. This could be explained by the luxury
consumption of S by lucerne (Venter et al., 2004), which means that not all the S removed by the crop
is essential for plant growth. Moreover, the absence of the relationship between shoot yield and shoot
P and S concentrations could to some extent be associated with the small pot-size used in this
experiment because plants could have been pot bound for a relatively long period, which likely

affected shoot yield due to restricted growth.

2.4.2 Phosphogypsum effects on soil pH, Olsen P and exchangeable aluminium

The lower soil pH (H;0) resulting from phosphogypsum addition was consistent with the findings of
Jarak et al. (2003); Lee et al. (2009); Nayak et al. (2011). The PG used in this study had a high calcium
content which likely displaced AI** and H* on cation exchange sites into the soil solution resulting in
low pH, this view is supported by the measured pH (H,0) under PS treatments, where Ca supply was
largely lower compared to PG, which resulted in a relatively stable pH (H,0). Besides, the low pH (H:0,
3.5) of this PG product likely contributed to acidifying the soil. On the other hand, Smith et al. (1994)

found that the pH of surface amended soil with 2.5 t ha™ of PG was unchanged.

The pH (CaCly) results in this study showed an opposite trend to pH (H20), especially for unlimed MO
soil as its pH (CaCl,) increased slightly with PG. This confirmed what was reported recently about the
increase of soil pH at depths of 0 to 5 cm by Crusciol et al. (2016), after the surface application of
phosphogypsum. Further, this result corroborates early reports by Toma et al. (1999), who found that
gypsum application decreased pH (H,0 ) while pH (CaCly) did not. This could be explained by pH (H,0)
overshadowing the liming effect of phosphogypsum due to the salt effect, whereas measuring pH in
0.01 M CaCl; kept constant the effect of salt on the hydrolysis of Al forms releasing H* protons.
Moreover, in a pot experiment conducted by Edmeades et al. (1983) where they recorded the same

behavior between pH (KCl) and pH (H;0), this was claimed to be related to the decrease of ionic
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strength of the solution after dilution with H,0. Therefore, in glasshouse studies where soil volume is
limited promoting high ionic strength conditions, the interpretation of pH (H.0) must be done
carefully. Similarly, CaCl; extracted pH increased significantly under PS for unlimed MO and limed GM.
The observed rise in pH (CaCl,) following PS and PG application to the soil can also be ascribed to ligand
exchange, whereby the supplied SO4* replaces OH (Hue et al., 1985; Turner and Kramer, 1991). So,
considering these factors, we can state that the PG and PS effect on soil pH likely depends on the

balance between Ca%* and SO4>” reactions.

The observed reduction in soil Al concentrations under soils treated with 1 t ha™* of PG agrees with
Crusciol et al. (2016). This effect can be explained by the association of the AI** ions with SO4*>~ and F~
forming ionic pairs AISO*, AlF,*, AIF?* and AIFs® (Carvalho and van Raij, 1997). The absence of a
reduction in exchangeable Al concentration at PG 9 t ha™* for both MO and GM soils was probably due
to the higher ionic strength in the soil solution. This would favor ionic exchange reactions to the
detriment of adsorption and precipitation reactions. Hence, the ionic exchange of Ca?* would have
increased AI** in the solution and dominated the ligand exchange reactions. Additionally, at PG (9 t
ha™) the pH (H,0) has dropped by 0.4 and 0.34 units compared to the control in unlimed GM and MO
soils respectively. This triggered an increase of exchangeable Al in GM and MO soils. This inverse
relationship between pH and exchangeable Al in New Zealand soils has been confirmed by several
researchers (During et al., 1984; MclIntosh and Backholm, 1981; Moir and Moot, 2014; Moir and Moot,
2010; Morton et al., 2005; Venter, 2017; Wheeler and O'Connor, 1998; Whitley et al., 2016). However,
the observed increase in exchangeable Al under PS treatments was not related to soil pH which was
unchanged. This agrees with the findings of Horsnell (1985), in a glasshouse experiment, where those
workers found that neutral salts (K2SO4 or CaSQ4) in the presence of calcium phosphate increased

aluminium concentrations in soil solution.

The difference between the influence of PG (R1=1tha™) and PG (R3 =9t ha™) in the absence of lime
on Olsen P was larger (6 units) for MO soil, while under GM soil it was small (only 1 unit). This has
probably resulted from a sharp decrease in GM soil pH when 9 t ha™ of PG was applied, which would
have consequently increased P adsorption (Barrow, 2017) on oxide surfaces. This explanation is also
supported by the high exchangeable Al content measured in unlimed GM under PG (9 t ha™'), which
exceeded that of PG (1 t ha™) by 14.6 mg kg™* of soil.

The effect of PG on soil P availability is comparatively similar to that of soluble fertilizer used in this
study as a standard source of P and S. This indicates the high solubility of total P contained in PG
materials and its ability to be easily released into the soil and therefore be available to the plants in

the same manner as soluble fertilizers. Phosphogypsum amendment could also have improved the
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microbial activity and population in the soil (Al-Enazy et al., 2018; Inagaki et al., 2016; Lee et al., 2009;

Nayak et al., 2011) resulting in a higher P solubility.

Lime application decreased Olsen P for both soils regardless of treatment type. Our results are in line
with studies done by other workers on acid soils (Curtin and Syers, 2001; Sorn-Srivichai et al., 1984).
This decline in soil P under lime application can be due to the formation of Ca-P precipitates (Penn and
Camberato, 2019). Moreover, when pH is increased, the proportion of absorbable P species increases
such as the divalent phosphate (HPO,%") (Barrow, 1984). The formation of insoluble hydroxyl-Al species
following lime can also be highly active adsorption surfaces for phosphate (McLean, 1976). Haynes and
Ludecke (1981) reported an increase in Al-bound P fraction under liming. Moreover, the stability of
hydroxyl-Al-P complexes has been reported to be high around pH 5 (White and Taylor, 1977). However,
the decrease in P availability following liming is not supported by plant shoot P uptake in this
experiment, which showed a significant increase when lime was applied. Alternative soil P tests under
liming conditions are recommended as the decline of Olsen P could be due to an artifact in the Olsen
procedure which uses high pH extractant (pH 8) favoring the Ca-P precipitation (Curtin and Syers, 2001;
Sorn-Srivichai et al., 1984). On the other hand, the resulting decline in Olsen P under liming could to
some extent be explained by the higher removed of P by plants as reflected by the higher P uptake by

lucerne in the presence of lime.

2.5 Conclusions

Phosphogypsum application on acid soils showed positive effects on soil P availability, P and S uptakes
and consequently on lucerne biomass production. However, the effects of PG on soil acidity depends
on soil properties. Its magnitude of pH-neutralizing effects does not support PG to be used as a lime
substitute but rather as a fertilizer supplement. The responses to PG would not be maximized without
being necessarily combined with a pH ameliorant such as lime in our case. The strategy of blending
materials might be feasible for acid soils and can be a real solution for the improvement of lime
solubility and therefore its reaction time and movement down to the sub-soil layers. However, there
is a lack of evidence about it, hence further studies are required in this aspect. Phosphogypsum has
decreased exchangeable Al at low rates, this warrants further investigations are necessary to evaluate
the effects of PG on Al species. Further studies are also required to identify Al toxicity thresholds for
legumes. The Ca effect on Al activity and phytotoxicity could also support the use of Ca-rich materials
such as PG on acid soils. Moreover, being a pot experiment, this study may not reflect what could
happen under open field conditions. Therefore, the general applicability of the results of this

experiment requires a confirmation using field trials.
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The sustainable utilization of PG in agriculture necessitates long-term experiments focusing not only
on fertilizing effects of PG but paralleled with an environmental impact assessment. Also, the

assessment of PG effects on nutritional imbalances especially at high application rates is needed.

Soluble fertilizer used in this study (MCP + NaSQ,), if used without lime, may not be the most effective
for the establishment and growth of lucerne on acid soils with high native exchangeable aluminium
levels. The increased Al concentrations following the combination of MCP and NaSO, requires further

investigation.
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Chapter 3
Effect of Phosphogypsum on Aluminium Speciation in New
Zealand Acid Pasture Soils

(Submitted paper)

3.1 Introduction

Soil acidity is one of the major issues in agriculture worldwide. About 50% of the world’s arable lands
are acidic (Von Uexkill and Mutert, 1995), which mostly occur in developing countries like Central
Africa, South America and Southeast Asia (FAO and ITPS, 2015). Although the poor fertility of acid soils
is due to low pH and nutrient deficiencies (e.g. P and Mo), Al toxicity is the most important factor,
being a major constraint for crop production on 67% of the total acid soil area (Eswaran et al., 1997).
Aluminium phytotoxicity to plants is often seen when soil pH decreases below 5.5 (Delhaize and Ryan,
1995; Rout et al., 2001). The Al effect on plant growth depends on the species of Al in the soil solution,
of which APP*, AIOH?* and AIOH," are considered the most toxic (Kinraide, 1991; Singh et al., 2017).
Root growth inhibition is the most easily recognized symptom of Al toxicity, and affects uptake and
translocation of water and nutrients altering plant metabolism, growth and persistence (Rahman and

Upadhyaya, 2020; Schmitt et al., 2016).

Aluminium toxicity represents a serious impediment to legume establishment and survival in New
Zealand (NZ) grasslands (Moir et al., 2016), particularly in the steep-lands, popularly called the “hill
and high country” (Morton and Moir, 2018; Whitley et al., 2019). However, Al chemistry in NZ soils is
poorly investigated and understood (Taylor et al., 2012; Wang et al., 1999). Methods of the analysis of
Al in NZ soils have been mainly based on 0.02 M CaCl; and 1 M KCl extractions (Whitley et al., 2020),
which provide only information on the soil exchangeable Al fraction. Also, they do not allow the
identification of Al forms with specific inorganic and organic ligands. Moreover, the extractable-Al
methods are known to solubilize Al from plant-unavailable fractions and provide a misleading
indication of potential Al toxicity status (Marques et al., 2002; Percival et al., 1996). For instance,
Schroth et al. (2000) found that the lack of toxicity symptoms in plants was attributed to very low Al
content in soil solution (0.01 cmol. kg?), even when exchangeable Al in the soil was 3 cmolKg™2. Several
studies showed that the better measure to relate to plant growth is the activity of AlI** in the soil
solution (Menzies et al., 1994; Percival et al., 1996; Shuman, 1990). Therefore, examining Al species

in the soil solution should provide a better estimate of Al phytotoxicity.

43



To understand the Al behaviour in soil environments it is necessary to know the distribution of different
Al species in the soil solution and the potential for Al complexation with organic and inorganic ligands
(Brautigan et al., 2012; S¢an&ar and Milaci¢, 2006). Numerous analytical procedures have been
developed for fractionation of Al compounds and the determination of individual species, but many of
them have limited selectivity, are not harmonized and the data comparison is scarcely reported (Bi et
al., 2001; S¢anéar and Milaci¢, 2006). In addition to experimental analytical techniques, computer
modelling is a widely used speciation approach in soil science. Several computer models have been
used in studies of Al speciation in soil solutions such as Visual MINTEQ (Alleoni et al., 2010; Chamier et

al., 2015; Martins et al., 2020; Miotto et al., 2020) and WHAM (Tipping, 2005).

Agricultural lime (CaCOs) is the most common amendment used in NZ to counteract the effects of soil
acidity (Morton and Moir, 2018). However, its effectiveness is limited to the shallow top-soil layer and
has a very limited effect on subsoil acidity in the short term (Caires et al., 2008; Caires et al., 2005),
due to its low solubility and passive movement down the soil profile (Hendrie et al., 2018). As such, an
alternative material with a comparatively higher solubility is necessary. Phosphogypsum, a by-product
of the phosphoric acid industry, mainly contains calcium sulphate and small amounts of P and F. This
product has been proven to be mobile in the soil and has been widely used when subsoil acidity is an
important yield-limiting factor (Caires et al., 2011; Caires and Guimaraes, 2018; lllera et al., 2004).
Moreover, a mixture of lime and phosphogypsum is a strongly recommended strategy to improve lime
reactivity and movement in acid soils (Carmeis Filho et al., 2017; Crusciol et al., 2016). However, studies
examining phosphogypsum effects on Al speciation in acid soils, particularly with pH < 5 are scarce.
Recently, Bouray et al. (2020) attempted to investigate the effect of four rates of phosphogypsum on
soil exchangeable Al (using 0.02 M CaCl, method) in two different New Zealand acid soils. They found
that phosphogypsum decreased soil exchangeable Al, if applied at low rates. However, analysing soil
exchangeable Al alone is not enough to reveal the mechanisms involved. Also, the fact that those soils
were grown with lucerne for six months would make it difficult to distinguish phosphogypsum effect
from the plant growth effect on soil Al chemistry. Therefore, further investigations are necessary to

elucidate the mechanisms and to understand the phosphogypsum rate effect.

In this context, we aimed to examine the effect of phosphogypsum application on the distribution of
aluminium species in the porewaters of both planted and incubated (unplanted) acid soils. We
hypothesized that (1) phosphogypsum would reduce the concentration of AI** in the soil solution (2)

the effect of phosphogypsum on Al speciation would depend on soil type and plant growth effects.
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3.2 Materials and methods

3.2.1 Soil characteristics

Three acid soils with different physical and chemical properties were used. They were collected (0-15
cm) from three sites and are known to have different exchangeable Al concentrations. The “Glenmore”
soil was sampled from Glenmore station (43 ° 44’ 24”’S, 170° 28’ 42"’E), located on the southern banks
of Lake Takapo, Central Canterbury. The “Molesworth” soil was collected from Molesworth station
(42° 06’ 17”'S, 173° 07’ 33”E), in the Marlborough region, while the “Lindis Peaks” soil was sampled
from Lindis Peaks station (44° 46’ 26"’S, 169° 27’ 21"’E), in the Tarras region. Plant material and stones
were removed, and then the soil was thoroughly mixed, air-dried and sieved (2 mm). The “Glenmore”
and “Molesworth” are classified as Brown soils according to NZ soil classification (Hewitt, 2010), while
“Lindis Peaks” is classified as Pallic. All soils are classified as Inceptisols in the USDA classification

(Schoeneberger et al., 2012). The soil’s physical and chemical characteristics are given in Table 3.1.

Table 3.1 Results of soil chemical and particle-size distribution before the establishment of the
experiments.

Soil Analysis Glenmore Molesworth Lindis Peaks By method of

(GM) (MO) (LP)
pH (H,0) 5.0 4.7 53 Blakemore et al. (1987)
Olsen P (mg kg?) 18 13 13 Olsen et al. (1954)
P retention (ASC, %) 42 59 21 Blakemore et al. (1987)
Sulphate sulphur (ugg?) 15 9 11 Watkinson and Kear (1994)
Organic matter (% ww?) 10.6 8.5 4.7 Blakemore et al. (1987)
Alicl (cmolckg?) 1.7 2.3 0.07 Rayment and Lyons (2011)
Alcaci2 (cmolckg™) 0.2 0.5 0.02 Hoyt and Nyborg (1972)
Total N (% w w?) 0.53 0.38 0.24 (Dumas combustion method
Total C (% w w?) 6.19 491 2.74 using an Elementar Vario
Carbon/Nitrogen 11.7 12.9 11.4 Max Cube Analyser)
CEC (meq 100g™) 17 14 13 Brown (1943)
Ca (meq 100g?) 4.7 0.9 5.7 Rayment and Higginson
Mg (meq 100g?) 0.79 0.43 0.82 (1992)
K (meqg 100g?) 0.36 0.40 0.29
Na (meq 100g7) 0.07 0.06 0.07
Base saturation (%) 34.1 12.9 53.6
Particle-Size distribution ISSS Classification
Clay (0.05- 2um) 13 (%) 17 5.8
Sand (20-2000 pm) 48 (%) 51 62
Silt (2-20 um) 40 (%) 32 32.3

ISSS International Society of Soil Science.
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3.2.2 Experimental design and treatments

A 60-day incubation experiment was carried out in a laboratory (Lincoln University, NZ) in 2019, using
the Molesworth and Lindis Peaks soils, amended with a 2 mm-sieved phosphogypsum. These soils were
chosen for their high (Molesworth) and low (Lindis Peaks) exchangeable Al concentrations (Table 3.1).
The chemical composition of the phosphogypsum used in this study is presented in Chapter 2, Table
2.2. The phosphogypsum was added to a soil sample of 100 g at four rates: 0, 1, 3 and 9 t ha matching
the rates used previously in the pot experiment (Bouray et al., 2020) and mixed thoroughly. All
treatments were performed with four replicates. The treated soils were placed in 200 mL glass jars
with screw top lids left partially open to allow aeration, while minimizing water loss through
evaporation. The soils were incubated at 25 °C in randomized blocks and their order was randomized
weekly. Water was added to the soil during incubation to maintain moisture content at 20-24% (v/v).
At the end of the incubation period, the lids were removed, and the incubation temperature was raised

to 30 °C for 5 days to dry the soils. The soils were then sieved (2 mm mesh) for analysis (Plate 3.1).

Plate 3.1 Glass jars with treated soils (a), incubator (b) and soil grinding and sieving after drying at
the end of the incubation (c).

The details of pot experiment are described by Bouray et al. (2020). Briefly, Molesworth and Glenmore
soils were treated with four rates of phosphogypsum (0, 1, 3 and 9 t ha!). The soils were grown with
lucerne (Medicago sativa, 3 seedlings per pot) for six months, between March 16" and September
23, 2018 in a temperature-controlled glasshouse with natural light conditions at Lincoln University
(Lincoln, NZ); there were four replicates pots for each treatment. The pots were watered using an

automated dripper irrigation system that maintained the soil moisture at 22-25% (v/v), the average
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temperature in the glasshouse was 18 °C. At the end of the experiment, the soils were air-dried, sieved

(2 mm mesh) and stored at room temperature in polyethylene bags to await analysis.

The Incubation experiment, as a complement to the pot experiment, allows the comparison of
phosphogypsum application effects on Al distribution in the soil solution between the absence and
presence of plants. However, this comparison is only possible for Molesworth soil, which was used in
both experiments because of its very high Al content. The Lindis Peaks soil was included in the

incubation experiment as a low Al soil, in contrast to the two other investigated soils.

3.2.3 Soil solution analyses

The soil solutions were extracted after the end of the incubation and plant growth experiments
according to Alleoni et al. (2010) and Cunha et al. (2018). Briefly, 20 g of air-dried soil was mixed with
20 mL deionized water, after which the samples were shaken horizontally at 150 rpm for 15 min. After
a 60 min equilibration period, the samples were shaken for another 5 min and then centrifuged at
3500 rpm for 15 min. The pH and electrical conductivity (EC) were measured immediately in 5 mL of
extract from each sample. The soil solution used for cation and dissolved organic carbon (DOC)
analyses was passed through 0.45 um cellulose acetate syringe filters, while the solution for anion
analyses was passed through 0.20 um cellulose acetate syringe filters. Cation (Ca%*, Mg?*, K*, Na*, Al**,
Zn**) concentrations were determined using Inductively Coupled Plasma Optical Emission
Spectrophotometer (ICP-OES: Varian 720-ES ICP-OES, Varian, Melbourne, Australia), anion
concentrations (F, ClI, POs*, NOs, SO4%) were determined using ion chromatography (Dionex Corp.,
Sunnyvale, USA), and DOC was determined in a TOC analyzer (Elementar GmbH, Hanau, Germany). The
ionic strength (IS, expressed as mM) was calculated from the EC of the soil solution, according to

equation 3.1, proposed by Sposito (2008) who adopted the results of Marion and Babcock (1976).
log,,(IS) = 1.159 4+ 1.009 x log;,(EC) (3.1)

Where EC (dS m™) represents electrical conductivity at 25 °C.

3.2.4 Soil solid phase analyses

The soil pH (1:2.5 soil:water ratio) was measured using both deionized water and 0.01 M CaCl,. The
plant-available soil P fraction (Olsen P) was estimated using 0.5 M sodium bicarbonate extraction
(Olsen et al., 1954) and was analyzed in a discrete wet chemistry analyzer (Smartchem TM 200, AMS
Alliance, Paris, France). Exchangeable Al was extracted using 0.02 M CaCl; (1:4 soil:extractant ratio)
and 1 M KCI (1:10 soil:extractant ratio), then analyzed using Inductively Coupled Plasma Optical
Emission Spectrophotometry (ICP-OES: Varian 720-ES ICP-OES, Varian, Melbourne, Australia). Cation

exchange capacity (CEC), base saturation (BS) and Al saturation were determined by extracting the soil
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cations (Ca%, K*, Mg%, Na* and Al**) using 1 M ammonium acetate buffered at pH 7 followed by analysis
with ICP-OES. The exchangeable H* was calculated from the pH value of the ammonium acetate
extracts according to Brown (1943). The Total C and N were determined by combustion using Vario-

Max CN Elemental analyzer (Elementar GmbH, Hanau, Germany).

3.2.5 Aluminium speciation in the soil solutions

The Al speciation in soil solutions was modelled using a geochemical software Visual Minteq version
3.1 (Gustafsson, 2020). The model inputs were: pH, ionic strength, temperature (25 °C and 18 °C for
incubation and plant growth experiments, respectively), and the concentrations of Ca?*, Mg?*, K*, Na*,
Al**, Zn?, F, CI, PO,*, NO3, SO4* and DOC. To quantify the metal binding to DOM (dissolved organic
matter), the NICA Donnan model (Kinniburgh et al., 1999) was used. It was assumed that ratio of active
DOM to DOC was 1.65 (Sjostedt et al., 2010) and that all the active DOM was fulvic acids (Adams et al.,
2000; Hawke et al., 1996; Sjostedt et al., 2010). The partial CO, pressure (pCO,) in the soil solution was
assumed to be 10-100 times higher than atmospheric CO, pressure (Ma et al., 2013). However, its
effect on Al speciation in our soils was negligible within that range. The charge differences between
cations and anions were balanced by changing Na?* and/ or CI" concentrations, where needed, to

achieve a charge difference of < 1%.

The formation of soluble inorganic complexes was evaluated using the equilibrium constants of the
model database (Smith et al., 2004) and the model was run for each soil-treatment replicate
independently. The sum of modelled Al species bound to the same inorganic ligands (OH", SO4%, PO4*
or F) are reported as totals for that Al-ligand combination (e.g., Al-F includes AIF?*, AlF,*, AlFs and AlFg;
Appendix B: Table B.1). The sum of Al bound by DOM species (Al-DOM) included weakly-bound Al**,

and Al bound to carboxylic and phenolic functional groups.

3.2.6 Equilibria with possible mineral phases

Modelled saturation index (Sl) values were used to assess the potential for an equilibrium of aluminium
species in the soil solution with mineral phases. A solubility diagram was generated by plotting the
modelled AP** activity across all soil-phosphogypsum treatment combinations (n = 62), against
measured soil solution pH. The values were then compared to the predicted Al** activities for the
following Al minerals: soil amorphous Al(OH)s, crystalline gibbsite (Al(OH)s), diaspore (AIOOH) and
alunite (KAI5(SO4)2(OH)g). These mineral phases were selected based on the saturation indexes
(Appendix B: Table B.2) which indicated that those minerals were most likely to form. The basaluminite
(Al4(SO4)105H20) mineral was also included in the prediction, though it is not on the list of the minerals
specified by the model. Equilibrium with basaluminite has been suggested as a possible mechanism

controlling Al solubility in soils with a high SO4% content (Adams and Rawajfih, 1977; Jones et al., 2011).
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To predict the AP** activities (pAIP* = - log {AI**}) of these minerals the following formulas were used:

Amorphous Al(OH)s: pAI3t = 33.71 — 3 pOH (3.2)
Crystalline gibbsite: pAI** = 34.26 — 3 pOH (3.3)
Diaspore: pAI3* = 35.12 — 3 pOH (3.4)
Basaluminite: pAI3* =29 —2/5pOH — 1/41log,,(S0%™) (3.5)

Alunite: pAI3* = 28.47 — 2 pOH —2/310og,0(S02™) —1/3log.o(K™) (3.6)

Equations 3.2-3.6 were generated by substituting (14-pOH) for pH and re-arranging the solubility
product of each mineral phase (Jones et al., 2011). The following solubility products were used: log
Ksp= - 116 for basaluminite (Adams and Rawaijfih, 1977; Nordstrom, 1982), - 85.4 for alunite (Adams
and Rawaijfih, 1977; Nordstrom, 1982), - 8.29 for soil amorphous Al(OH); (Gustafsson, 2020), - 7.74 for
crystalline gibbsite (Palmer and Wesolowski, 1992) and - 6.88 for diaspore (Gustafsson, 2020; Peryea
and Kittrick, 1988). The solubility line of alunite mineral is not included in the solubility diagram. The
theoretical AI** activities (pAl**) of this mineral phase were too high, ranged 11.7-14.8 within 4.3-5.4

soil solution pH interval.

3.2.7 Statistical analysis

Analysis of variance (ANOVA) was used to identify significant differences between means and in cases
of significant differences (p < 0.05), subsequent comparison using Tukey’s post-hoc test (p < 0.05) using
Minitab® statistical software version 18 (Minitab, Inc., State College, Pennsylvania, USA). The soil types
and phosphogypsum treatments we considered as fixed factors. The ANOVA assumptions: normality
(using Anderson-darling test) and homogeneity of variances (using Levene's test) were considered
during the data analysis. The data of each soil were separately subjected to one-way ANOVA followed
by the post-hoc test to distinguish between the effect of phosphogypsum treatment levels on the
concentrations of Al species. Pearson correlation was used to evaluate relationships between the
variables. Multiple linear regression (backward elimination, a < 0.05) was used to determine the most
important factor (AI**, Al-SO4, Al-F, Al-PO,, AI-DOM, Al and Alcacz) impacting the TDM (total dry
matter = shoot+ root DM yields) yield across the two soils and four phosphogypsum treatments. Here
the variables were standardized by subtracting the mean then dividing by the standard deviation (see

standardized coefficients in Appendix B: Table B.3 and Equation 3.7).

The partial least square (PLS) regression was used to build a statistical model to describes the
relationship between one or more x-variables (soil and soil solution attributes, Table 3.2) and the y-

variable(s) (AI** only in our case) and, thus revealing the relative importance of the different variables
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in constructing the pattern of co-variation. Additionally, each object (soil-treatment combination) will
have a score showing if it is high or low with respect to the x-variables creating the pattern. A number
of PLS components of different loading and scores are then calculated with an increasing explained
variance of both x and y variables. The optimum number of PLS components corresponds to the first
minimum for the prediction error from the full cross-validation (leaves out only one sample at the
time). All variables used in the PLS analysis were centred and scaled to unit variance. The data set of
each soil were run separately with 16 objects (4 phosphogypsum rates x 4 replicates), 30 x-variables
and 1 y-variable, then all soils data were compiled together and included in the general PLS analysis

(62 objects, 30 x-variables and 1 y-variable).

Table 3.2 Summary of the partial least square regressions.

Optimal Cumul.ative Cumul‘ative
components e.xpl‘a‘me'd e‘xplg.me.d RMSE 2
numbers variability in X variability in Y (um L)
(%) (%)

MO (incubated) 5 87 100 58.0 0.91
MO (planted) 2 72 90 11.3 0.82
GM (planted) 6 83 100 4.9 0.94
LP (incubated) 6 91 100 0.02 0.98
All soils 7 88 94 24.9 0.86
x-variables of PLS regressions
Soil C, N, BS, CEC, Alsat. Olsen P, Ex.H*, pHw, pHcaci2, Alkai, Alcaciz
Soil solution IS, DOC, Ca, K, Mg, Na, Zn, F, Cl, NOs, SO4, PO4, Al-OH, Al-SQ,, Al-F, Al-

DOM, Al-PQ,, Tot.Al, pHsoln
MO- Molesworth, GM— Glenmore, LP— Lindis Peaks
IS — lonic Strength, Tot.Al — Total dissolved Al, pHsoln. — pH of soil solution, Alsat. — Al saturation
BS — Base saturation, Al-SO,— sulphate bound Al, Al-POs,— phosphate bound Al, Al-F — fluoride bound
Al, Al-DOM - dissolved organic matter bound Al, Ex. H*— Soil exchangeable H*

The average soil and soil solution chemical attributes (x-variables), as affected by phosphogypsum

application, used for PLS regression analysis are presented in Tables 3.3 and 3.4.
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Table 3.3 Average measured soil solution attributes (n = 4) as affected by phosphogypsum application.

Soil Rate pH IS DOC Ca Mg K Na Zn Al cr NO; PO SO F
(tha™) (uM) (mgl?) (mgl') (mgL') (mgl') (mgl') (mgl?!) (mgl?) (mgl?!) (mgl') (mgl?) (mgl') (mgL?)
MO 0 4.4 20.6 d 77.7 100.5c 39.3a 39.1b 159b 0.6 85b 7.7 7429a 0.5 221d 1.8b
(incuba 1 4.6 233 ¢ 78.3 172.1b  32.1b  43.5ab 14.4b 0.4 45c 8.2 6969b 0.7 199.3¢ 16b
ted) 3 4.5 38.8b 102.3 476.8ab 38.0ab 40.1ab 20.5ab 0.4 9.3b 8.3 644.6¢c 0.9 989.9b 2.1ab
9 4.4 48.7a 114.9 675.1a 41.8a 427a 253a 0.4 13.3a 8.3 645.7¢ 1.1 1490a 3.0a
MO 0 45b 243 188.4 141.2b  49.4 1053  74.9 0.9 4.7b 2140 5104a 15b 12.7¢ 2.4c
(plante 1 48a 204 193.6 140.7b  34.8 77.6 61.7 0.5 3.1b 175.6  302.4ab 1.5b 129.8b 2.8 bc
d) 3 48a 254 195.1 2743b 342 72.1 61.3 0.6 51b 1453  1153b 2.3a 549.0a 3.1ab
9 47a 382 189.9 599.3a  36.0 70.9 68.7 0.7 9.0a 123.6  18.7b 2.5a 1334a 3.5a
GM 0 51a 86¢ 4085a 59.2d  12.2b 102 53.4b 04b 8.8 136 1.9 43a 33.1¢c 3.7b
(plante 1 49ab  16.9b 4219a 163.5c 263a 186 70.1ab 0.5b 5.5 1845 1.8 3.1ab  253.4b 39b
d) 3 4.7bc  23.3b 314.5ab 2952b 265a  11.8 75.4a 05b 5.7 1543 1.5 2.8b 605.8b 4.1ab
9 45c 408a 256.5b  690.4a 36.2a  16.5 89.4a 08a 9.7 153.1 1.6 2.7b 1485a 5.3a
LP 0 53a 245c 82.6 276.1d 351c 204c 203d 0.19c 06¢ 4.7 878.2 0.9c 545d 1.4b
(incuba 1 53a 34.1b 82.8 467.9c 469b  23.1bc 241c 020bc 0.7c 4.9 884.6 1.0bc  531.3¢ 1.6b
ted) 3 53a 488a 87.6 803.5b 68.6b 341ab 33.0b 0.24ab 09b 4.8 879.9 1.2b 1324b 2.2a
9 50b 50.1a 90.9 836.3a 79.7a 403a 349a 026a 1lda 4.9 839.5 1.5a 1365a 2.5a

IS = ionic strength, DOC = dissolved organic carbon. MO = Molesworth, GM = Glenmore, LP = Lindis Peaks
Lower-case letters indicate the significant differences between phosphogypsum rates per soil for each attribute (p< 0.05 after Tukey’s test).
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Table 3.4 Average measured soil chemical attributes (n = 4) as affected by phosphogypsum application.

Soil Rate pHw pHcaciz Alga Alcaciz TotalN  TotalC Ex. H+ CEC BS (%) Algat (%) Olsen P
(thal) (cmolckg?)  (cmolckg?) (gkg?) (gkg?) (cmolckg?)  (cmolc kg?) (mg kg?)
MO 0 4.1b 39c 2.3a 0.7 a 3.7 43.5 9.7 a 12.4b 17.8d 6.6 18.9d
(incubated) 1 4.4 2 40b 20b 04c 3.7 41.5 8.1b 12.8b 29.0c 9.2 20.3 ¢
3 43 a 4.1a 1.8c 0.4c 3.6 41.8 83b 15.0b 41.2b 5.2 22.4b
9 43 a 4.1a 1.8c 05b 3.5 41.7 81b 239a 60.9 a 3.7 28.5a
MO 0 4.7 41b 2.3a 0.5 3.5 42.0 89b 12.7b 244 c 7.7 a 14.0b
(planted) 1 4.6 4.2 ab 2.1b 0.4 3.4 43.0 89b 123 b 27.6bc 19b 15.7 ab
3 4.6 43a 20b 0.2 3.4 39.0 86b 139b 33.8b 59a 15.1ab
9 4.5 43a 20b 0.3 3.5 43.2 99a 17.0a 41.2a 2.1b 22.1a
GM 0 49 a 4.5 1.8 0.5 4.7 53.4 10.8 174c 383c 1.5 17.1
(planted) 1 48ab 4.4 1.5 0.4 4.7 52.8 11.3 19.0b 41.2bc 1.1 22.9
3 4.6ab 4.3 1.6 0.6 4.6 53.0 10.8 193 b 443 b 1.1 17.2
9 44b 4.2 1.9 0.9 4.4 54.6 10.7 22.8a 54.0a 1.0 23.9
LP 0 49 a 4.7 a 0.08 b 0.08 2.5 24.6 3.5 14.7d 68.8 ¢ 8.0a 17.5d
(incubated) 1 4.8a 4.6 ab 0.07b 0.10 2.5 24.2 4.3 16.4b 71.1c 3.4ab 19.5¢
3 4.8 a 4.6 ab 0.08 b 0.13 2.6 24.8 4.0 189b 77.6b 19b 25.4b
9 47b 45D 0.12a 0.13 2.6 24.2 3.6 26.8 a 86.3a 06b 42.7 a

Ex. H* = exchangeable H*, Alsat. = Al saturation, MO = Molesworth, GM = Glenmore, LP = Lindis Peaks
Lower-case letters indicate the significant differences between phosphogypsum rates per soil for each attribute (p< 0.05 after Tukey’s test).
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3.3 Results

3.3.1 Aluminium species distribution as affected by phosphogypsum application

According to the modelled outputs, the total dissolved Al concentration in the solution of the
incubated Molesworth soils was higher compared to the planted soils regardless of the
phosphogypsum rate (Table 3.5). In the untreated Molesworth soils, free AI** was the predominant
form and amounted to- 34% of the total dissolved Al. This was higher than the corresponding planted
soil where the free AI** accounted for only 9% of the total dissolved Al. The free AI** ion concentrations
in both the incubated and planted phosphogypsum-treated Molesworth soils were lower than the

I** were found under 9 t ha™* relative to

untreated soil (p < 0.05). However, higher concentrations of A
1 and 3 t ha™. A similar trend was observed for hydroxylated Al forms (Al-OH). The concentration of Al
species bound to inorganic ligands Al-SO4 and Al-F increased linearly (p < 0.05) with phosphogypsum
rate in the planted and incubated Molesworth soils. The Al-SO,4 fraction was more prevalent in the
incubated Molesworth soils compared to the planted ones irrespective of phosphogypsum rate (p <
0.05), while the concentrations of Al-F fraction were similar in both. There were no significant
differences in the concentrations of the AI-PO; fraction in the incubated soils; however, the
concentrations of Al-PO, fraction were higher at 9 t ha™* compared to the rest of the treatments in the
planted soils. The concentration of Al in organic species (AlI-DOM) decreased with increasing

phosphogypsum rate in the incubated soils (p < 0.05), while there were no significant differences

among the planted soils.

Table 3.5 Modelled concentrations of dissolved aluminium species (LM) in Molesworth soil solution
after 60 days of laboratory incubation and after being planted for 6 months with lucerne (Medicago
sativa) in pots under glasshouse conditions, treated with four rates of phosphogypsum.

Total
Rate AP A-OH  Al-SOs Al-F A-PO;  A-DOM  dissolved
(that) Al
0 Incubated 106.4aA 14.7aA 219aD 87.1aB 3.9aA 79.6 aA 313.5aB
planted 15.6 bAB 2.2bAB 1.5bB 87.9 aAB 3.2aAB 62.9aA 173.3bB
1 Incubated 18.1aC 43aAB  34.7aC 70.0 aB 2.3aA 35.3aB 164.8 aC
planted 0.9 bB 0.3 bB 1.2bB 75.6aB 0.6 aB 36.2aA 1149aB
3 Incubated 28.3aBC  3.1aAB 178.8aB  92.9 aAB 3.0aA 37.7aB 343.8 aAB
Planted 4.8 bAB 1.4aAB 23.1bAB 100.9 aAB 3.1aAB 54.3 aA 187.6. bB
9 Incubated 36.3 aB 3.4aB 284.1aA 133.5aA 3.4aA 38.4aB 499.0 aA
Planted 12.9bA 3.3aA 110.5bA 132.0aA 6.7 bA 66.1 bA  331.5bA

Lower-case letters indicate the difference between the incubated and planted soils for each Al fraction under
each phosphogypsum rate separately. Upper-case letters indicate the difference between the effect of
phosphogypsum rates on each Al fraction for both the incubated and planted soils separately (p< 0.05 after
Tukey’s test).
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After six months of being planted with lucerne, the total dissolved Al concentration in Glenmore soil
solution decreased by 36% and 33% at 1 and 3 t ha respectively, compared to 0 t ha™. Conversely, an
increase of 8% was observed at 9 t ha* compared to 0 t ha? (Table 3.6). In the untreated Glenmore
soils, 74% of total dissolved Al was bound by organic ligands. However, under phosphogypsum
application, the size of that fraction decreased with increasing rates 1 (61%), 3 (70%) and 9 (74%) t ha’
! when compared to 0 t ha?l. Sulphate and fluoride bound Al increased with increasing
phosphogypsum. However, phosphate and hydroxyl Al fractions were not affected by phosphogypsum
application in this soil. The free AI** concentration increased (p < 0.01) at the highest phosphogypsum

rate (9 t ha') compared to the other treatments.

The total Al concentration in Lindis Peaks soil solution was low (p < 0.001) compared to other soils
regardless of treatment. After incubation, phosphogypsum application increased (p < 0.001) the total
dissolved Al concentration in Lindis Peaks soil solution (Table 3.6), which was mainly in the Al-F
fraction. The concentrations of the other inorganic Al species were very low (< 1% of total dissolved
Al) irrespective of phosphogypsum rate; however, an increase in all these Al fractions was observed at

9t ha compared to the rest of the treatments (p < 0.05).

Table 3.6 Modelled concentrations of dissolved aluminium species (uUM) in the Glenmore soil
solution after being cultivated with lucerne (Medicago sativa) for 6 months in pots under glasshouse
conditions, and in Lindis Peaks (LP) soil solution after a laboratory incubation of 60 days, both soils
were treated with four rates of phosphogypsum.

Rate Total

(thal) AlR* Al-OH Al-SO4 Al-F Al-PO, AlI-DOM dissolved
Al

Glenmore

0 1.3b 1.1 2.8c 76.4 c 5.1 241.5a 328.2

1 09b 0.5 3.7bc 107.6 bc 1.8 94.4 ab 209.2

3 2.6b 0.6 15.1ab 124.5ab 2.1 735b 218.5

9 10.3a 1.3 94.0a 1855a 3.7 63.0b 357.7

p-value *k n.s *Ex *k n.s. ok n.s.

Lindis Peaks

0 0.01b 0.01b 0.0c 13.4c 0.01b 7.2ab 20.6 ¢

1 0.01b 0.01b 0.03b 17.5¢ 0.01b 6.7b 243 ¢

3 0.02b 0.01b 0.1b 26.2b 0.01b 7.4 ab 33.8b

9 0.06 a 0.03a 0.3a 445 a 0.03a 8.2a 53.2a

n.s. not significant. The lower-case letters indicate the difference between the effect of
phosphogypsum rate on each Al fraction separately (p < 0.05 after Tukey’s test). Asterisks indicate
the level of statistical significance (*p< 0.05, **p< 0.01, ***p< 0.001 after one-way ANOVA).
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3.3.2 Equilibria with possible mineral phases

The relationship between pH and pAI** (- log {AI**}) in the incubated Molesworth soil was weaker (r’=
0.17; Figure 3.1a) than in the planted Molesworth soil (r? = 0.49; Figure 3.1b). This relationship was
stronger in the planted Glenmore soil (r?>= 0.69; Figure 3.1c), and in the incubated Lindis Peaks soil (r’=
0.91; Figure 3.1d). Across all soils and phosphogypsum treatments, there was a strong positive

correlation between pH and Al activity in the soil solution (r?= 0.84; Figure 3.2).
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Figure 3.1 Relationship between pH and AI** activity in the soil solution of four different acid soils
across four rates of phosphogypsum application: (a) incubated Molesworth soil; (b) planted
Molesworth soil; (c) planted Glenmore soil and (d) incubated Lindis Peaks soil. The broken line
indicates the linear regression of - log {Al**} on pH (equations are presented in the plots).

Below pH 5, the Al solubility was likely controlled by four mineral phases (Figure 3.2): Al in most soil
solution samples with pH < 5.0 was oversaturated relative to crystalline gibbsite, diaspore and
basaluminite, while only 14 samples were oversaturated relative soil amorphous Al(OH)s;. However,
above pH 5.0 the Al in soil solution appeared to be oversaturated relative to diaspore mineral only,
while under-saturated relative to the rest of the predicted mineral formations. The predicted Al
activity for alunite showed an oversaturation for all soil solution samples independently of soil pH (not
shown). However, the average saturation indexes indicated an oversaturation relative to alunite only

for soil solution samples below pH 5.
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Figure 3.2 Solubility diagram of Al3* activity vs. pH across all soil solutions in relation to four minerals
phases.

3.3.3 Multivariate analysis

In the incubated Molesworth soil (Figure 3.3a), most x- variables showed negative loadings within the
first PLS component, while y-variable (Al**) had high positive loading (0.26). Hydroxylated Al (Al-OH),
Al-DOM, Alcaciz, Alkar and Ex. H* (exchangeable H*) showed a high degree of co-variance with Al** (closely
grouped loadings). A very close relationship between NOs™ and Alkq was observed. The ionic strength
(IS) had a negative loading of - 0.24 on the first PLS component and correlated strongly with SO4* (r =
0.99, p < 0.001), Ca** (r=0.98, p < 0.001), Alxc(r = -0.84, p < 0.001) and BS (r = 0.97, p < 0.001). A clear
negative correlation was also obtained between pHcac2 and both AI** and Ex. H*. Furthermore, Al-SO,4
and Al-F were closely correlated with SO4* and F respectively and had negative loading of - 0.22 and -

0.11 on PLS component 1, respectively.

In contrast to the incubated soils, most x-variables in the planted Molesworth soils had positive
loadings on the first PLS component (Figure 3.3b) which explained 82% of y-variability. All Al fractions
including AI** had positive loading on PLS component 1, they were clustered together and co-varied
with ionic strength and total dissolved Al, while negatively correlated with soil pHy. As in the incubated
soils, a clear co-variance was also found in the planted Molesworth soils between SO.%, Olsen P, BS,
CEC, Ca* and IS. A close relationship was also revealed between Algg and NOs in the planted
Molesworth soil. However, Alkq had a small loading on PLS component 1 in this soil but had a high
positive loading on the second PLS component (+ 0.32). In the planted Molesworth, soil solution pH
(pHsoln.) seemed to co-vary with soil total C and N (lying along a thought line from pHsoln. to the

origin).
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Figure 3.3 Loading plots of PLS regression for (a) Molesworth (incubated), (b) Molesworth (planted), (c) Glenmore (planted) and (d) Lindis Peaks (Incubated).



I3* co-varied with

As in the planted Molesworth soil, in the planted Glenmore soil (Figure 3.3c), the A
IS, SO4% and soil BS and CEC. Furthermore, AI** was positively correlated with other Al fractions in the
following order: Al-SO4 # Al-F # Al-OH # Total dissolved Al # AlI-PO,4. Conversely, AI-DOM seemed to

I>* in this soil and showed high positive loading on PLS component 2.

have a negative effect on A
Contrarily to the planted Molesworth soil, in the planted Glenmore soil, the Ex. H* contribution in AI**
concentration was negligible (very close to the origin). Additionally, a close relationship between DOC

and soil pHy was revealed in the planted Glenmore soil which is not the case for Molesworth soil.

In the incubated Lindis Peaks soil, most x-variables were loaded positively on PLS component 1 and
showed a strong correlation with AI** (Figure 3.3d). Aluminium fractions in soil solution were clustered
together and vary closely with soil exchangeable Al (Alkc). Moreover, they had higher positive loading
on PLS component 2. Soil Al saturation (Alsst.) had high positive loading on PLS component 2 showing
a negative co-variance with AI** and other Al fractions. A clear negative correlation was revealed

between soil/soil solution pHs, and Al fractions, total dissolved Al, ionic strength, exchangeable Al and
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Figure 3.4 Loading plots of PLS regression for the whole soil solution data set (n = 62) across all soils
and phosphogypsum treatments.

I** co-varied positively with the rest of Al fraction,

The PLS analysis of all soils together revealed that A
in particular Al-OH, and with total dissolved Al and exchangeable Al, while negatively correlated with
soil and soil solution pH (Figure 3.4). Soil base saturation had a high negative load on AI** concentration
in soil solution regardless of soil type. Also, ionic strength, SO4* and soil CEC showed negative co-
variance with Al**. Though, their loadings were small compared to soil BS. Exchangeable H* showed a

high degree of positive co-variance with soil total C and N. The loadings of soil pH (water and CaCl,)

and soil solution pH were closely grouped and showed a higher correlation with soil BS.
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3.3.4 Relationship between soil exchangeable Al, Al fractions and TDM yield

There was a positive linear correlation between both Alxc and Alcac, and most of the
modelled/estimated Al fractions in the soil solution (Table 3.5). However, these correlations seem to
be stronger for Alxcicompared to Alcaciz. Moreover, Al-F and total dissolved Al showed the highest r

coefficient for both Alkq and Alcaciz, while Al-PO4 showed a strong correlation with Al only.

Table 3.7 Correlation coefficients (Pearson's R) between soil exchangeable Al (KCl and CaCl;) and Al
fractions in the soil solution.

Modelled Al fractions (uM L?)  Algc(cmolc L) Alcacia (cmolc L?)

Al3* 0.43*** 0.34**
Al-OH 0.48*** 0.36**
Al-SO4 0.30* 0.22 n.s.
Al-F 0.67*** 0.63***
Al-PO, 0.61*** 0.39**
Al-DOM 0.43*** 0.33**
Total dissolved Al 0.67*** 0.55***

n.s. not significant

Asterisks indicate the level of statistical significance (*p <0.05, **p <0.01, ***p <0.001).

The comparison of the standardized multiple regression coefficients (Appendix B: Table B.3) revealed
that AI-F was the most important fraction impacting positively the yield, followed by AlI* with a

negative impact, then AI-DOM with a positive impact. The regression equation is presented below:

TDM(g pot™1) = 1.43 — 0.97 [AI3%] + 1.38 [Al-F] + 0.86 [Al- DOM] (3.7)
(n=30, rkq=73%, p <0.001)

A strong positive relationship was found between TDM yield and Alkc in Glenmore soil (r?=0.87; Figure
3.5) across phosphogypsum treatments, while in Molesworth soil this relationship was weak (r?=0.2).

On the other hand, no clear relationship was found between TDM and Alc.cz in both soils.
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Figure 3.5 Relationship between TDM yield and Alkq in Glenmore soil.

3.4 Discussion

The high free AI** concentration in the untreated Molesworth soil solutions agrees with previous
research that suggested that at low pH, the dissolution of inorganic Al pools by H* ions drives Al release
(Guo et al., 2007). This view is also supported by the strong positive co-variance shown in PLS
regression between exchangeable H* and AI** (r = 0.78, p < 0.005). However, the large differences
observed in AI** and total dissolved Al concentrations between 1, 3 and 9 t ha in the incubated
Molesworth soil indicate that other factors beyond pH controlled the Al solubility in the presence of
phosphogypsum, providing that soil/soil solution pH values were identical for these three rates. The
poor relationship between Al activity and soil solution pH indicates that the decrease in the size of AI**
fraction in the phosphogypsum-treated soils is due to the association of APP* ions with SO, and F
(Carvalho and van Raij, 1997), this is also shown by the negative loadings of Al-SO4 and Al-F fractions
on AP**. The observed increase of AI** and total dissolved Al concentrations in the soil solution at 3 and
9t ha? compared to 1t ha? could be due to the higher ionic strength (Giesler et al., 1996), where the
increased Ca?* concentration resulted in AI** being displaced from soil cation exchange sites into the
soil solution. This is in line with PLS regression loadings where soil exchangeable Al (Alq) co-varied
negatively with soil base saturation and ionic strength, which were strongly and positively correlated
with Ca and SO,* concentrations in soil solution. These results agree with the findings of Guo et al.

(2004); Matschonat and Vogt (1998).

In the planted Molesworth soil, the PLS regression results showed that the amount of KCl-extractable
Al did not seem to be that important for Al** concentration nor did Al saturation, despite the positive
loading of base saturation, CEC and ionic strength on AI**. This implies that cation exchange reactions

may not be the only process controlling AI** concentration in this soil, but pH also seemed to
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contribute. This view is supported by two findings. First, the linear relationship between Al activity and
soil solution pH. Second, the positive loading of soil exchangeable H* and the negative loading of soil
pHw on APP*. For instance, the higher concentration of A** at 9 t h* compared to 1 and 3 t ha was
accompanied by a significant increase in soil exchangeable H* and a decrease in soil/soil solution pHy.
The soil protonation at 9 t ha™* can be explained by soil acidification via plant roots exudations because
this was not the case when the same soil was incubated without plants. The root density in the pots
was higher enough to assume that the entire soil volume was influenced by the roots and can therefore
be considered as rhizosphere soil. Thus, the higher ionic strength and Ca?* supply could have enhanced
the release of H* to counter-balance the excess uptake of cations. Hence, the positive loading of ionic
strength and Ca?* on AIP*. This mechanism is often considered the major source of root-induced
changes in rhizosphere pH (Cheng et al., 2004; Hinsinger et al., 2003). Additionally, the nitrogen fixation
by legumes as an acidifying process is well documented (Bolan et al., 1991b; Tang et al., 1999). These
mechanisms likely contributed together to increasing Al** and total dissolved Al, specifically at 9 t ha’,
where average root dry matter produced per pot was 74% and 92% higher than 3 and 1 t ha?'
respectively, with an average number of nodules of 4.75 per pot against 1.5 and 0.75 nodules at 3 and
1 ha?l (data not shown). Therefore, we hypothesize that rhizosphere acidification at 9 t of
phosphogypsum ha™, had caused the dissolution of S04 and OH bound Al minerals. This view is
supported by (1) the very high loadings of inorganic Al (e.g. Al-SO4, Al-OH) fractions on Al** and (2) the
decrease of saturation index (SI) relative to amorphous Al(OH)s;, gibbsite, and hydroxy-sulfate minerals
(alunite) with the phosphogypsum rate increase. The implication of these mineral phases in controlling
Al solubility in acidic sulphate rich soil environment has been confirmed by several studies (Adams and
Rawaijfih, 1977; Jones et al., 2011). On the other hand, the resulting decrease in Al** at 1 and 3 t ha
compared to 0 t ha can to some extend be attributed to ion-pairing of Al** with SO, and F,, also to a
less pronounced plant growth effect on soil acidity referring to (1) the soil exchangeable H* which
remained unchanged and to (2) the total dry matter data (Bouray et al., 2020) where no significant
difference was revealed between 0, 1 and 3 t ha’. The lower concentration of inorganic Al fractions in
the planted Molesworth soil solution compared to the incubated Molesworth soil could be due to plant
Al uptake, and to the leaching of mobile Al forms (e.g. Al-SO4) out of the pots, because they were
irrigated throughout the growth period, and that drainage could have occurred, in contrast to the

closed incubation system.

In the planted Glenmore soil, the relationship between pAl* and pH was linear with a slope of 1.55,
which implies that ion-exchange or complexation reaction with soil organic substances are important
for the control of AlI®* activity according to van Hees et al. (2001); Van Hees et al. (2000). Indeed, the
dissolved organic carbon (DOC) seemed to be important for AI** in this soil because of the dominance

of organically bound Al fraction (AI-DOM) in the untreated soils. However, the DOC decreased
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significantly under phosphogypsum application, which was translated into a significant decrease in Al-
DOM fraction. This was likely due to the resulting decrease in soil solution pHfrom 5.1 at0t ha'to 4.5
at 9t hal. Consistent with the present result, Gerke (1994) investigated humic-Al complexes at pH 4,
4.5, 5, and 6 in the soil solution and they found that organically bound Al decreased strongly as pH
decreased below 5. Moreover, previous studies have shown that increasing the ionic strength of soil
solution reduces the DOC flux into the soil solution (Evans Jr et al., 1988; Tipping and Hurley, 1988).
The decrease in soil/soil solution pHy following phosphogypsum application can partly be explained by
plant growth effect as previously mentioned for planted Molesworth soil. Although soil/soil solution
pH decreased at 1 and 3 t ha™ compared to 0 t hal, the free AI** concentration and soil exchangeable
Al did not change, and a decrease in total dissolved Al concentration was observed. These findings
suggest that phosphogypsum application at 1 to 3 t ha™* could have induced Al precipitation reactions.
This mechanism would appear likely, in view of the reported role of SO4* in Al precipitation (Adams
and Rawajfih, 1977; Alva et al., 1990; Pavan et al., 1984). Whereas, at 9 t ha? both free AI** and total
dissolved Al increased significantly in the soil solution compared to the rest of the treatments. This was
probably due to the sharp decline in soil/soil solution pH. Alternatively, the higher ionic strength in the
soil solution, could have favoured ionic exchange reactions to the detriment of adsorption and
precipitation reactions (Carvalho and van Raij, 1997). Hence, the ionic exchange of Ca?* would have

increased Al** in the solution and dominated the ligand exchange reactions between SO4* and APP*

The pH in the incubated Lindis Peaks soil/soil solution decreased significantly at 9 t of phosphogypsum
ha, while no change was observed at 1 and 3 t ha™ compared to 0t ha™. This can be explained by the
large supply of Ca?* had displaced H* and AI** (which liberates H* after hydrolysis) into the soil solution
(Alva et al., 1990), leading to a decrease in soil solution pH. These results are consistent with the
findings of Alva et al. (1988); Black and Cameron (1984). Our hypothesis is supported by the decrease
in soil Al saturation from 8% at 0 t ha® to only 0.6% at 9 t ha™. Also, the Ca?* concentrations in soil
solution correlated strongly with AI**(r = 0.69, p < 0.01), soil solution pH (r = - 0.68, p < 0.01) and soil
pHw (r = - 0.77, p < 0.001). Nevertheless, the AI** concentration in this soil regardless of the
phosphogypsum rate was below the critical limit of 1 pM L? for negatively impacting plant growth
(Kinraide, 1997; Shann and Bertsch, 1993). A significant decrease in soil Al saturation was also recorded
at 1 and 3t hal compared to 0t hal. However, no change was observed for Al** and soil/soil solution
pH. This reveals the role of SO4* and F in binding free AI** in the soil solution, hindering its fixation into
soil exchangeable sites as evidenced by soil exchangeable Al (KClI and CaCl;) concentrations which
remained unchanged at 1 and 3 t ha™ compared to 0 t ha’. Further, the average modelled saturation
index (SI) relative to alunite increased with the phosphogypsum rate in this soil. This stresses the role

of precipitation reactions in immobilizing Al in the soil solution.
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The general PLS regression showed a very strong co-variance between AI** and Al-OH species (r=0.92,
p < 0.001, n = 62) in the soil solution. This indicates that, in the investigated soils, Al hydroxide forms
and minerals (amorphous Al (OH); and gibbsite) are likely responsible for supplying soil solution with
free AI**. Moreover, according to the Al speciation results and saturation indexes, the Al hydroxide
forms and minerals were found to decrease under phosphogypsum application, which implies that this

is another mechanism by which phosphogypsum could have reduced AI**

activity in the soil solution.
Furthermore, the correlation between both AI** and Al-OH, and soil base saturation (Al**: r=-0.44, p
< 0.001; AlI-OH: r = - 0.53, p < 0.001, n = 62) confirms the role of phosphogypsum in decreasing the
acidic cations (AI** and H*) occupying the exchange sites. The role of soil base saturation in mitigating
exchangeable Al (Alka) has been confirmed recently by Whitley et al. (2019) for a range of New Zealand

soils.

The Al-F and AI-DOM are supposed to be non-toxic (MacLean et al., 1992; Martins et al., 2020; Yerima
et al., 2020). Therefore, the fact that Alkc and Alcacio were strongly associated with these two fractions
confirms that these two methods extract not only the AI** but also the non-phytotoxic forms. This is
supported by the positive impact that Al-F and Al-DOM had on TDM vyield according to the multiple
regression analysis. This disagrees with the finding of Manoharan et al. (2007), in a glasshouse
experiment, who found that high concentrations of Al-F complexes had restricted barley root growth

at pH<5.

Our findings suggest that the 1 M KCl or 0.02 M CaCl, method may not be a sufficient indicator to
evaluate Al toxicity in acid soils. Further, CaCl, extraction being the standard method currently used in
New Zealand commercial labs (Whitley et al., 2020), showed a relatively less relevant relationship with
AP* (r = 0.34, p <0.01) relative to the KCl method (r = 0.43, p <0.001). Thus, we recommend using the
KClI extraction method instead of CaCl, for exchangeable Al extraction. Yet, this recommendation

requires further investigation using a range of soils across different orders excluding treatment effects.

3.5 Conclusion

This study shows that soil solutions, although from different soils treated with different rates of
phosphogypsum, have a strong pH-pAI** relationship. This confirms the major role that pH plays in
controlling Al solubility in acid soils (pH < 5.3). The differences in plant growth in Glenmore and
Molesworth soils was mostly explained by the variation in AI**, Al-F and AI-DOM concentrations, rather
than exchangeable Al. Fluoride and DOM likely complexed Al and showed a positive impact on the
total dry matter (shoot + root) yield of lucerne. The phosphogypsum, when applied at feasible on-farm
rates (1 to 3 t ha?), can significantly reduce the activity of AI** in acid soil solution through the
mechanism of Al displacement on soil exchange sites via Ca%, followed by AI** complexation with SO4*

and F, while the phosphate role in Al immobilization appeared to be less important. However, the
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high rates of phosphogypsum (9 t ha™ in our case) should be avoided on acid soil as this would further
acidify the soil causing a release of Al and its accumulation unless combined with a pH neutralizing
material such as lime. The lower rates of phosphogypsum did not affect soil pH and AI** concentration
in the soil solution of Lindis Peaks soil (characterized with a very low exchangeable Al) suggesting that
phosphogypsum can be used as fertilizer on this type of soils. Our study confirms that examining Al
species in the soil solution would better assess Al phytotoxicity. Hence, the necessity of examining
legumes growth versus soil Al species rather than exchangeable Al which seems to be an insufficient
indicator. Also, an appropriate pot size is crucial in glasshouse experiments to avoid any eventual

negative effects that small-size pots could have on plant growth.

64



Chapter 4
Lime-induced pH Elevation Influences Phosphorus Biochemical
Processes and Dynamics in the Rhizosphere of Lupinus polyphyllus
and Lupinus angustifolius

(Published paper)

4.1 Introduction

Phosphorus (P) is an essential element for plant nutrition, and soil P deficiency is one of the most
limiting factors affecting crop production worldwide (Hou et al., 2020), especially in acid soils which
represent over 50% of potentially arable lands in the world (Von Uexkill and Mutert, 1995).
Phosphorus availability in acid soils is mainly limited by adsorption reactions between orthophosphate
anions (e.g., H.PO4), amorphous metal oxides (e.g., Al and/or Fe oxides) or clay minerals (Sims and
Pierzynski, 2005) due to low pH. Liming is a commonly used agricultural practice to maintain an
appropriate pH for plant growth and decrease the solubility of phytotoxic elements, particularly
exchangeable Al (Bouray et al., 2020; Morton and Moir, 2018; Whitley et al., 2019). However, there
are inconsistencies in the literature regarding the impact of pH adjustment on plant P availability and
uptake (Barrow et al., 2020b; Moir et al., 2016; Penn and Camberato, 2019). Phosphorus availability
has been reported to increase (Griffin, 1971; Ryan and Smillie, 1975), decrease (Curtin and Syers, 2001;
Haynes and Ludecke, 1981) or not be affected (Haynes, 1982) by soil pH change through liming.
However, most of these studies are focused on how pH affects chemical processes that control P

solubility, and little is known about the liming effect on biological P cycling.

Liming has been reported to decrease soil P, (Condron and Goh, 1989; Condron et al., 1993), and this
has been proposed to reflect the stimulation of microbial mineralization process which is known to be
sensitive to changes in soil pH (Harrison, 1982; Trasar-Cepeda et al., 1991). Similarly, the activity of
extracellular hydrolytic enzymes (e.g., phosphatases) which are actively secreted into the soil by
microbes, and many plants, in response to the demand for P (Abel et al., 2000; Quiquampoix, 2005),
is directly affected by soil pH (Acosta-Martinez and Tabatabai, 2000; Margenot et al., 2018). However,
since different phosphatases have different pH optima, the effect of liming on the hydrolysis of P, will
likely be conditioned by soil pH target. Phosphodiesterase enzyme is the rate-limiting step in P,
mineralization (Turner and Haygarth, 2005) but it is relatively far less investigated compared to

phosphomonoesterases under liming conditions.
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On the other hand, liming can stimulate microbial P immobilization (Condron and Goh, 1989, 1990) by
maintaining favourable pH conditions for higher microbial activity (Pietri and Brookes, 2008; Robson
and Abbot, 2012) and by chemically increasing available P for microbial uptake. Microbial P turnover
is also a potential source of available P for plants (Achat et al., 2010). To fully understand the effect
that soil pH change through liming could have on P availability, a biochemical examination of all these
processes is necessary. Most studies evaluate the liming effect on soil P availability by analyzing P in
the bulk soil and/or plant P uptake. However, plant P nutrition and acquisition are mainly determined
by many processes in the vicinity of the roots; that is, the rhizosphere (Clarkson, 1985) and soil P
bioavailability differs significantly among plant species according to their ability to mobilize P; in the
rhizosphere (Hinsinger et al., 2011). Therefore, examining the effect of pH change via liming on
rhizosphere P related biological and biochemical processes could improve our understanding of the
relationship between liming and soil P availability, and clarify to some extent the controversial views

regarding this relationship.

Soil P exists in potential P, and P; pools with varying stability in the soil. This has generated attention
in quantifying their contribution to plant P nutrition and understanding their transformation into labile
P forms. Sequential extraction procedures have been widely used to characterize soil P fractions and
to investigate P dynamics (Condron and Newman, 2011; Tiessen and Moir, 2008). Thus, a soil P
fractionation approach may provide important insights into the role of processes either directly
mediated by plant roots or by microorganisms such as exudation of low molecular weight organic acids
(Jones, 1998), secretion of phosphatases (Nannipieri et al.,, 2011) and rhizosphere acidification
(Hinsinger et al., 2018), in the dynamic and bioavailability of P in the rhizosphere in response to soil pH

change.

Previous rhizosphere studies have focused on mostly white lupin (Lupinus albus) as a model P-
mobilizing plant (Dissanayaka et al., 2017; Lambers et al., 2013). L. albus modifies the rhizosphere
through rhizodeposition (Nuruzzaman et al., 2006), especially under P-deficiency (Wasaki et al., 2003),
and the formation of cluster roots (or proteoid) which efficiently increase the accessible soil volumes
(Cheng et al., 2011; Ma et al., 2019). However, the potentials of other agriculturally important lupin
species to mobilize P, such as Russell lupin (Lupinus polyphyllus) are poorly investigated. The Lupinus
polyphyllus is recognized as a globally invasive plant (McDougall et al., 2005; Valtonen et al., 2006),
and often invades soils with low pH and low P availability (Lambers et al., 2013). We hypothesize that
this may be due to its ability to mobilize P. Contrary to Russell lupin, blue lupin (Lupinus angustifolius)
is widely cultivated (Reinhard et al., 2006) and is known to release large amounts of organic acids
(Robles-Aguilar et al., 2019). Here, we compare these two non-cluster root species to see if they differ

in their P acquisition strategies.
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This study aimed to examine the effect of soil pH change through liming from 5.3 to 6.0 on rhizosphere
properties involved in P mobilization and its acquisition by plants. We hypothesized, first, that liming
would affect the biochemical P processes in the rhizosphere of lupins; and second, P dynamics in the
rhizosphere of lupins would depend on the response of those processes to both pH elevation and plant

growth effects.

4.2 Material and methods

4.2.1 Soil sampling and characteristics

The soil was collected (0-15 cm) in late-November 2018, from Mt Grand (MG) station (44°40'19.49"'S,
169°19'5.66"E), a commercial sheep and beef high-country farm operated by Lincoln University,
located in central Otago district, New Zealand. The sampling site was on a moderately steep (20-25°)
south-facing hillside within an altitude of 600 masl. Plant material and stones were removed and then
the soil was thoroughly mixed, air-dried and sieved (2 mm mesh). The soil is classified as a Brown soil
(NZ classification after Hewitt (2010)); the United States Department of Agriculture classification:

Dystrudepts (USDA, 2014). Soil fertility status was characterized using the analyses listed in Table 4.1.

Table 4.1 Initial fertility status of Mt Grand (MG) soil (0-15 cm), before the establishment of the

experiment.

Soil Analysis Value By method of

pH 5.3 (H;0) Blackmore et al. (1987)
Olsen P 7 (mg kg?) Olsen et al. (1954)

Resin P 14 (mg kg?) Saggar et al. (1990)

P retention (ASC) 20 (%) Blackmore et al. (1987)
Inorganic P 243 (mg kg?) Bowman and Moir (1993);
Organic P 401 (mg kg) Dick and Tabatabai (1977b);

P organic/P inorganic
Sulphate sulphur
Organic matter
Exchangeable Algg
Exchangeable Alcaciz
Total N

Total C
Carbon/Nitrogen
CEC

Ca

Mg

K

Na

Base saturation

Particle-Size distribution

Clay (0.05-2um)
Sand (20-2000 pum)
Silt (2-20 pm)

1.65 (ratio)
3(ugg)

5.1 (% ww?)

1.20 (meq 100g)
5.80 (mg kg?)
0.27 (% ww?)
2.96 (% w w?)

11 (ratio)

11 (meg 100g?)
3.4 (meq 100g?)
0.65 (meq 100g™)
0.30 (meq 100g1)
<0.02 (meq 100g?)
38.3 (%)

3 (%)
50 (%)
47 (%)

Turner et al. (2005)
Watkinson and Kear (1994)
Blackmore et al. (1987)
Rayment and Lyons (2011)
Hoyt and Nyborg (1972)
(Dumas combustion method
using an Elementar Vario
Max Cube Analyser)

Brown (1943)

Rayment and Higginson
(1992)

ISSS Classification

ISSS International Society of Soil Science
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4.2.2 Experimental design and treatments

The experiment was conducted over an 11-week autumn period, from February to May 2019 in a
temperature-controlled glasshouse with natural light conditions at Lincoln University (Lincoln, NZ).

Average daytime and night-time temperatures were 22 °C and 18 °C, respectively.

Lime (CaCOs, lab-grade) was applied to a subset of moist soil at a rate of 2.7 t ha to raise soil pHwater
from 5.3 (original) to 6.0. The latter pH was chosen as above this value nodulation has been found to
be impaired in Lupinus species (Tang and Robson, 1993). Sulphur (S) was added as Na,;SO4 at 100 kg of
S ha. The amended and unamended soils (200 g per pot) were placed in 250 mL plastic plant pots (@
66x75 mm) with holes at the bottom that were then distributed in a completely randomized block
design on the glasshouse table. The small-size pots were used to speed up the rhizosphere processes.
However, this could have some negative effects on plant growth (Poorter et al., 2012). Four seedlings
of blue lupin or Russell lupin were transplanted into each pot after seed had germinated on a moist
tissue paper for 48 hours. Each plant-lime treatment combination was replicated four times. Soil
moisture was maintained at 70% of field capacity for the duration of the experiment by watering pots

to a specific weight with tap water every two days.

4.2.3 Soil sampling, organic anions collection, and determination

At the end of the experiment, the plants were carefully removed from the pot and gently shaken to
remove the loosely adhering soil around the root (considered to be bulk soil). The soil that remained
tightly adhered to the roots was partially sampled using tweezers and brush (Plate 4.1); this was
defined as “rhizosphere soil” (Li et al., 2007; Wang et al., 2017). The bulk soil was air-dried immediately

and stored at room temperature for further analyses.

The root system and remaining rhizosphere soil were immediately immersed in 40 mL 0.2 mM CacCl,
solution, and gently shaken for 2 min (Pearse et al., 2007) in order to extract the rhizosphere. Despite
careful handling of the root during the extraction, it cannot be excluded that some organic anions
originated from damaged roots (Oburger and Jones, 2018). One drop of Micropur (0.01g L, Katadyn
Products, Kemptthal, Switzerland) was added to the CaCl, solution after the extraction to inhibit the
activity of microorganisms. The extracts were then centrifuged at 3500 rpm for 5 min, the supernatant
was transferred into a separate vial. The supernatant was filtered using a cellulose acetate syringe filter
(pore size 0.45 um, filter diameter: 28 mm). A subsample of the supernatant was analyzed using High-
Performance Liquid Chromatography (Shimadzu Corporation, Kyoto, Japan) as described by (Shi et al.,
2011). Briefly, the organic anions were separated on a Prevail TM organic acid column (250 x 4.6 mm,
5 um particle size; Alltech, USA) using Waters 490 E programmable multi-wavelength detector (Waters
Pty Ltd, USA). The mobile phase was 25 mM KH,PO4 (pH 2.35, adjusted with H3PO,). The samples (30
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pL) were injected into the system and separated in the column at 50°C. The organic anions were
identified according to their retention time and absorbance at 210 nm. The analytical standards were
prepared by dissolving L-malic acid, malonic acid, citric acid, shikimic acid, succinic acid, Pyruvic acid,
DL-lactic acid, acetic acid, and fumaric acid (all from Sigma-Aldrich, UK) in 0.2 mM CaCl, matrix solution.
The HPLC data was processed using Lab solutions LCMS software (Shimadzu Corporation, Japan). The
organic anions concentrations were normalized by root dry matter (uM g* root DM). Total organic
anions concentrations can also be normalized by the weight of rhizosphere soil left in the centrifuge
tube after oven-drying (UM g* rhizosphere soil dry weight). The latter is only used once in this chapter

to find out the relationship between total organic anions and root DM (discussion section: 4.4.1)

Plate 4.1 Pots distributed to four block on a table in the glasshouse (a) and rhizosphere soil sampling
using a soft brush (b).

4.2.4 Phosphatases activity and microbial biomass phosphorus

Acid  phosphomonoesterase  (AcPME), alkaline  phosphomonoesterase  (AIPME), and
phosphodiesterase (PDE) were assayed as described by Tabatabai (1994). Three replicates were
performed for each assay using 1 g of moist-rhizosphere soil incubated at 37 °C for 1 hour in 4 mL of
modified universal buffer (MUB) at pH 6.5 for acid phosphomonoesterase, pH 11 for alkaline
phosphomonoesterase and pH 8 for phosphodiesterase using tris(hydroxymethyl)aminomethane
(THAM) buffer instead of modified universal buffer, 1 mL of para-nitrophenyl phosphate (0.05 M) was
added to acid and alkaline phosphomonoesterase assays and 1 mL of bis-para-nitrophenyl phosphate

(0.05 M) to phosphodiesterase assays, all assays received 0.25 mL toluene.

The assays were stopped by adding 4 mL of 0.5 M NaOH and 1 mL of 0.5 M CacCl,. After being rested
for 5 mins, the assays were centrifuged at 3500 rpm for 10 min. The para-nitrophenol concentration
in the supernatant was quantified at 410 nm using a UV-Vis spectrophotometer (UVmini-1240,

Shimadzu, Japan). The phosphatase activity for each enzyme was expressed as (uM pNP g dry soil h-
1).

Microbial P was determined using chloroform fumigation (Brookes et al., 1982). Briefly, three sets
(fumigated, unfumigated, and P-spiked) of moist rhizosphere soil (2 g) per replicate were processed.

The fumigated samples were treated with chloroform gas for 24 hours, the other two sets were
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incubated for the same period. The fumigated and unfumigated sets were extracted with 30 mL of 0.5
M NaHCOs (pH 8.5, 30 mins), while the third set was extracted with 0.5 M NaHCOs spiked with 25 mg
P L to estimate the Pirecovery from the fumigated samples during the extraction. The extracts were
centrifuged at 3500 rpm for 10 mins, then an aliquot from the clear supernatant was used for P; analysis
using the colorimetry method (Brookes et al., 1982; Murphy and Riley, 1962). Microbial P (Pmic) was
calculated using equation 4.1.

[P;(fumigated) — P;(unfumigated)] x 25

Phic = 4.1
e [P, (spiked) — Pi(unfumigated)] x K; 1)

The Kpi coefficient was used to correct for P; fixation during the fumigation period, a value of 0.4 was

used for the calculation of P in the present study (Brookes et al., 1982; Hedley and Stewart, 1982).

4.2.5 Phosphorus fractionation

The P fractionation was carried out for both rhizosphere and bulk soils using the method described by
Condron et al. (1996) and modified by including the residual P fraction (recalcitrant P); the residual soil
(0.1 g) was extracted with H,SO4 (1 M, 10 mL) for 16 hours after being previously ignited for 2 hours at
550 °C (Anderson and Ingram, 1993). The soil samples (0.5 g) were sequentially extracted with different
chemicals of different strengths. The P fractions were separated into four pools according to their
lability (Boitt et al., 2018b; Cross and Schlesinger, 1995), the details are provided in the Figure 4.1. A
prewash with 0.5 M NaCl salt (5 mL, centrifuged for 5 min at 3500 rpm) was included between
sequential steps to avoid the effect high levels of exchangeable Ca can have on P extraction and
distribution (Perrott, 1992). The P; in alkaline soil extracts was determined using the method of Dick
and Tabatabai (1977b) with the modification of He and Honeycutt (2005), while in acid soil extracts,
the P; was analyzed as described by Murphy and Riley (1962). The total P per extract was measured
using Inductively Coupled Plasma Optical Emission Spectrophotometry (ICP-OES: Varian 720-ES ICP-
OES, Varian, Melbourne, Australia). The P, content of the extracts was determined as the difference

between total and P;, all the soil P results were expressed in mg kg soil.
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Soil (0.5 g, 2 mm sieved)

*—-—.—-—-—-—-—.—-—-—--

NHsCl (1 M, 10 mL)
¥ Labile Pi and Ps

NaHCOz (0.5 M, 10 mL)

P R

MNaOH (0.1 M. 10 mL) Moderately Labile Pi and P:

S G n mm n mm a o n mm h wm s s o n mm s = m

HCI {1 M, 10 mL)
= Stable Piand Ps

NaOH (0.1 M, 10 mL)

S 4 e omm s mm s o= s = s = n = e e =

Ignition + Extraction (1 M Hz504) Residual P

Figure 4.1 Phosphorus fractionation scheme according to Condron et al. (1996); Condron and
Newman (2011); Hedley et al. (1982); Perrott (1992). Grey boxes indicate fractions with P; and P,
forms, dot-dashed lines separate different P pools with different lability, asterisks indicate the pre-
treatment with 0.5 M sodium chloride.

4.2.6 Plant and other soil analysis

The roots and shoots were separated and thoroughly washed. Then labelled on a pot basis. All samples
were oven-dried at 65 °C for 48h, after which dry weight was determined. The oven-dried shoot
samples underwent acid digestion (Nitric acid (HNOs; 69%)-Hydrogen Peroxide (H20> 30%), 1:1 v/v)
using a microwave digester (CEM MARS XpressTM, CEM Corp. USA) (NIST, 1995). The digest solution
was analysed for total P using Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-
OES: Varian 720-ES ICP-OES, Varian, Melbourne, Australia). Shoot P uptake was calculated as the

product of P concentration and shoot dry weight.

The bulk and rhizosphere soils were air-dried and analysed for: pH (1:2.5 soil: deionized water ratio)
using a pH probe (SevenEasy pH meter, Mettler Teledo, USA), and exchangeable Al was measured in
1 MKCI (1:10 soil: extractant ratio; Rayment and Lyons, 2011) extract using Inductively Coupled Plasma
Optical Emission Spectrophotometry (ICP-OES: Varian 720-ES ICP-OES, Varian, Melbourne, Australia).

4.2.7 Statistical analysis

The data were analyzed using Minitab® statistical software version 18.1 (Minitab, Inc., State College,
Pennsylvania, USA). The lupin species and soil pH treatments were considered as fixed factors. A two-
sample t-test was carried out to test the significance of the differences between the effects of lupin
species and soil pH levels separately on rhizosphere properties (Enzyme activities, microbial P, organic
anions, exchangeable Al, pH and P fractions). Two-way ANOVA was carried out to test the significance

of the main effect of each fixed factor on DM yields, root: shoot ratio and shoot P uptake, and to test
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whether an interaction between the factors was significant. The effects were significant when P< 0.05.
A correlation analysis (Pearson) was used to examine relationships between rhizosphere properties,
enzyme activities, organic anions, microbial P and P fractions, soil pH and exchangeable Al. Multiple
linear regression (backward elimination, a < 0.05) was used to determine the most important
rhizosphere variables (Acid and alkaline phosphomonoesterases, phosphodiesterase, total organic
anions, rhizosphere pH, microbial P and exchangeable Al) contributed to shoot P uptake regardless of
species and soil pH levels. The variables were standardized by subtracting the mean then dividing by
the standard deviation (see standardized coefficients in Appendix C: Table C.1 and standardized

regression equation 4.2).

4.3 Results

4.3.1 Plantyield and P uptake

Shoot and root DM yields between blue and Russell lupins varied significantly (Table 4.2). The average
blue lupin shoot yield across both pH treatments was 1.25 g DM pot™?, approximately twice that of
Russell lupin with an average of 0.68 g pot™’. The average root DM yields and root:shoot ratios of the

two species were similar (p > 0.05, Table 4.2).

No significant differences were observed between the effects of soil pH levels on shoot and root DM
yield of Russell lupin. In contrast, increasing soil pH from 5.3 to 6.0 has significantly increased the shoot
DM vyielded of blue lupin. The root:shoot ratio decreased with pH increase by 10% and 3.5% for blue

and Russell lupins, respectively.

The average shoot P uptake of blue lupin (1.85 mg pot™) was higher (p < 0.001) than that of Russell
lupin (0.88 mg pot™). The shoot P uptake of the two lupin species was affected differently by soil pH
increase; blue lupin increased its shoot P uptake by 6%, whereas that of Russell lupin decreased by
23% at pH 6.0 compared to pH 5.3. The interaction species x pH was barely not significant (p = 0.053,
Table 4.2).
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Table 4.2 Dry matter yields (g pot™) and shoot P uptake (mg pot™) of blue lupin (L.angustifolius) and
Russell lupin (L.polyphyllus) after a growth period of 11 weeks, as affected by soil pH change through
liming, values are means + SE of n = 4.

Shoot yield Root yield ) . Shoot P uptake
(g DM pot?) (g DM pot?) root: shoot ratio (mg pot?)
L. angustifolius
pH5.3 1.15+0.01 0.83+£0.09 0.72£0.08 1.80+0.05
pH 6.0 1.34+£0.06 0.86 £ 0.05 0.6510.03 1.91 +£0.06
p value 0.025 0.772 n.s. 0.421 n.s. 0.270 n.s.
L. polyphyllus
pH5.3 0.70 £ 0.08 0.59 £ 0.06 0.86 £ 0.07 0.99+0.14
pH 6.0 0.65+0.04 0.55+0.01 0.83+£0.10 0.76 £ 0.02
p value 0.602 n.s. 0.697 n.s. 0.820 n.s. 0.169 n.s.
p-value
Species <0.001 0.004 0.059 n.s. <0.001
pH 0.238 n.s. 0.926 n.s. 0.500 n.s. 0.489 n.s.
Speciesx pH 0.053 n.s. 0.622 n.s. 0.764 n.s. 0.073 n.s.

n.s. not significant

4.3.2 Soil P fractions

The major P pool in the rhizosphere and bulk soils of the two lupins was the moderately labile P (Pi+P,),
while labile P (Pi+P,) was the lowest portion (Table 4.3). Organic P forms comprised the largest fractions
within both the labile and moderately labile P pools regardless of soil pH level and/or lupin species.
Labile P; was significantly higher in the rhizosphere soil compared to the bulk soil for blue lupin
regardless of soil pH. However, for Russell lupin, it was significantly higher at pH 6.0 only. In the
rhizosphere soil, labile P; increased significantly with increasing soil pH for both species, while no
significant differences were observed in the bulk soils. The labile P, fraction decreased with soil pH
increase (p < 0.05) in the rhizosphere and bulk soils of both lupin species. In contrast, moderately labile
P, increased with soil pH by up to 5% and 6% in the rhizosphere soil of blue and Russell lupins
respectively. However, when comparing the difference between bulk and rhizosphere soil, moderately
labile P, was lower (p < 0.05) in the rhizosphere soil compared to bulk soil at pH 5.3 regardless of lupin
species. However, at pH 6.0 the difference between the two soils was significant only for blue lupin.
Moderately labile Pi remained relatively constant (p > 0.05) in the rhizosphere soil of both species. An
increase in moderately labile P; fraction was observed in the rhizosphere soil compared to the bulk soil
regardless of pH for both species. Stabile P; decreased significantly in the rhizosphere compared to the
bulk soil regardless of soil pH for both species. Stable P, content of rhizosphere soil increased
significantly compared to bulk soil for both species regardless of soil pH. Increasing soil pH from 5.3 to
6.0 increased stable P, by 19% and 11.5% in the rhizosphere of blue and Russel lupins respectively.
There was a significant decrease in residual P pool in the rhizosphere of both species compared to their

bulk soils irrespective of soil pH.
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Regardless of soil pH, the labile Pjin the rhizosphere soil of Russell lupin was higher (p < 0.05) compared
to blue lupin, while labile P, was higher (p < 0.05) for blue lupin against Russell lupin. Moderately labile
P, was significantly higher in the rhizosphere of Russell lupin compared to blue lupin at pH 5.3 only.
Moreover, residual P in the rhizosphere of blue lupin was higher (p < 0.05) compared to Russell lupin

at pH 6.0 only.

Table 4.3 Effect of soil pH change through liming from 5.3 to 6.0 on the mean (n = 4) quantities (mg
kg™ £ SE) of P fractions, sequentially extracted from the bulk and rhizosphere soils of L. angustifolius
and L. polyphyllus after a growth period of 11 weeks under glasshouse conditions.

L. angustifolius L. polyphyllus

Rhlzcs)z?lhere Bulk soil p-value Rhizosphere soil Bulk soil p-value
Labile P;
pH 5.3 16.4+0.1B 14.3+0.2 P<0.001 179+04A 16.2+0.8 n.s.
pH 6.0 179+0.1B 15.7+0.6 0.013 21.1+05A 18.1+04 0.003
p-value <0.001*** n.s. 0.003** 0.067
Labile Po
pH5.3 60.1+16A 42.5+0.5 0.002 523+198B 39.2+1.0 0.001
pH 6.0 548+05A 35.2+0.8 <0.001 436+158B 30.8+0.4 <0.001
p-value 0.018 <0.001 0.011 <0.001
Moderately labile P;
pH5.3 923+4.1A 82517 n.s. 97.7+0.98 A 91.8+2.4 n.s.
pH 6.0 925+4.7A 83.4+1.2 n.s. 100.2 £ 0.68 A 91.0+2.0 0.005
p-value n.s. n.s. n.s. n.s.
Moderately labile Po
pH 5.3 210.4+1.38B 231.9+2.0 P<0.001 221.4+23A 233.7+2.8 0.014
pH 6.0 220.3+4.6 A 236.2+1.9 0.018 235.4+9.62 A 230.8+3.4 n.s.
p-value n.s. n.s. 0.253 0.531
Stable P;
pH5.3 98.3+3.2A 123.5+8.6 0.034 107.2+4.7A 131.6+6.4 0.022
pH 6.0 91.1+1.2A 116.4+3.4 0.040 96.8+5.2 A 125.6+4.4 0.006
p-value n.s. n.s. n.s. n.s.
Stable P,
pH5.3 435+39A 30.5+1.3 0.052 n.s. 46.0+2.4 A 29.2+0.8 0.007
pH 6.0 53.6+1.8A 33.4+1.0 0.030 52.0+53A 29.7+0.9 0.026
p-value 0.021 n.s. n.s. n.s.
Residual P
pH5.3 101.3+0.5A 106.6 +1.1 0.005 102.2+1.0A 109.8+ 1.6 0.029
pH 6.0 103.8+0.7A 107.4+1.3 0.050 100.3+0.78B 109.3+1.0 0.029
p-value 0.026 n.s. n.s. n.s.

Different uppercase letters (A and B) indicate significant differences between the two lupins for each P fraction
in the rhizosphere soil, according to a two-sample t-test at 5%.

4.3.3 Rhizosphere soil pH and exchangeable Al

The pH was lower (p <0.05) in the rhizosphere of blue lupin when compared to the bulk soil regardless
of soil pH level. At pH 5.3, the rhizosphere pH decreased by 0.4 and 0.2 units for blue and Russell lupins
respectively, compared to the bulk soil, while at pH 6.0, the rhizosphere pH decreased by 0.5 and 0.1
units for blue and Russell lupins, respectively. Significant differences were found between the

rhizosphere pH under pH 5.3 and pH 6.0 for both species (Appendix C: Figure C.1).
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The amount of exchangeable Al was higher in the rhizosphere soil compared to the bulk soil for the
two lupin species regardless of soil pH level (Figure 4.2). However, the differences between bulk and
rhizosphere soils were significant (p < 0.001) only for blue lupin. The concentration of exchangeable Al
decreased (p < 0.01) with soil pH increase in the rhizosphere and bulk soils for both species. For
example, passing from pH 5.3 to pH 6.0, the exchangeable Al concentration in the rhizosphere soil of
blue and Russell lupins decreased by 72 and 88%, respectively. Likewise, the exchangeable Al in the

bulk soil decreased by 88 and 91% for blue and Russell lupins, respectively.

s Rhizosphere soil

Exchangeable Alkc(cmol kg™}

10 - =. Bulk soil
o 2 s e Toxicity threshold
. kokk *EE x
0.0 - . Bl
pH 5.3 ‘ pH 6.0 pH 5.3 | pH 6.0
L. angustifolius L. polyphyllus

Combination species*soil pH level

Figure 4.2 Exchangeable Al in the rhizosphere and bulk soils of L. angustifolius and L. polyphyllus at
the end of the experiment as affected by soil pH increase from 5.3 to 6.0 through liming. Asterisks
indicate the level of significance in the difference between the two soil pH levels in terms of
exchangeable Al within each lupin species for rhizosphere and bulk soils separately, according to a
two-sample t-test at 5%. Line over bars indicates the differences between bulk and rhizosphere soils
which were not significant within each soil pH level, according to a two-sample t-test at 5%. Dotted
dash line indicates the lower end of the Al toxicity threshold range for legumes according to
Edmeades et al. (1983).

Rhizosphere soil pH and exchangeable Al showed similar correlation strengths with most of the
rhizosphere properties (Table 4.4). However, these two parameters moved in opposite directions. For
instance, labile P; correlated positively with pH and negatively with exchangeable Al in the rhizosphere
of both species. Inversely, labile P, correlated negatively with pH and positively with exchangeable Al.
Moderately labile P, fraction was found to be significantly correlated with pH and exchangeable Al only
in the rhizosphere of blue lupin. Residual P was significantly correlated with pH and exchangeable Al
only in the rhizosphere of blue lupin. Acid phosphomonoesterase was the only enzyme significantly
correlated with exchangeable Al in the rhizosphere of blue lupin. Further, no significant correlation
was found between pH and enzymes activity in the rhizosphere of blue lupin. However, for Russell

lupin, both phosphomonoesterases and phosphodiesterase were significantly correlated with pH and

75



exchangeable Al following opposite trends. Microbial P was strongly correlated with rhizosphere pH
for both species. Yet, the linear relationship between microbial P and exchangeable Al was significant

only for blue lupin (Table 4.4).
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Table 4.4 Correlation coefficients (Pearson’s r) between exchangeable Al, pH, P fractions, microbial P, enzymes activity and total organic anions in the rhizosphere

of L.angustifolius and L. polyphyllus after 11 weeks of growth under glasshouse condition across two different pH levels.

pH Exchangeable Labile P; Labile P,  Moderately Moderately Stable Stable P, Residual  Microbial AcPME AIPME PDE TOAs
Al labile P labile P, P; P P

L.angustifolius
pH 1.00 -0.99** 0.95*** -0.76* -0.13 0.76* -0.65 -0.73* 0.76* 0.80* -0.60 -0.44 0.28 0.23
Exchangeable Al 1.00 -0.98*** 0.76* 0.35 -0.97*%* 0.57 -0.64 -0.76* -0.85% 0.78* 0.68 -0.39 -0.10
Labile P; 1.00 -0.69 0.10 0.66 -0.57 0.59 0.82* 0.90%** -0.44 -0.24 0.53 -0.37
Labile P, 1.00 0.26 -0.58 0.67 -0.64 -0.41 -0.78* 0.63 0.50 -0.29 0.47
Moderately labile P; 1.00 -0.57 -0.1 -0.05 0.37 0.10 0.01 0.42 0.22 -0.20
Moderately labile P, 1.00 -0.34 0.45 0.52 0.50 -0.16 -0.20 0.34 -0.47
Stable P; 1.00 -0.95***  -0.50 -0.61 0.83* 0.27 -0.10 -0.36
Stable P, 1.00 0.54 0.50 -0.87*%*  -0.41 -0.10 0.10
Residual P 1.00 0.60 -0.30 0.13 0.48 0.27
Microbial P 1.00 -0.42 -0.20 0.63 0.65**
AcPME 1.00 0.69 0.35 0.38
AIPME 1.00 0.41 0.61*
PDE 1.00 0.51*
TOAs 1.00
L. polyphyllus
pH 1.00 -0.89** 0.86** -0.83* 0.58 0.59 -0.52 -0.37 -0.54 0.84%** -0.83**  -0.78* 0.94**  0.36
Exchangeable Al 1.00 -0.76* 0.99%** -0.73 -0.50 0.34 -0.37 0.29 -0.63 0.86* 0.91%* -0.83* 0.33
Labile P; 1.00 -0.76* 0.55 0.50 -0.47 0.44 -0.43 0.80* -0.82* -0.66 0.81* 0.46
Labile P, 1.00 -0.68 -0.46 0.27 -0.28 0.28 -0.52 0.85** 0.88** -0.80*  -0.38
Moderately labile P; 1.00 0.23 -0.20 0.30 0.14 0.65 -0.52 -0.85**  0.42 0.14
Moderately labile P, 1.00 -0.46 0.42 0.1 0.46 -0.34 -0.52 0.48 0.10
Stable P; 1.00 -0.89** 0.42 -0.69 0.45 0.34 -0.30 0.23
Stable P, 1.00 -0.10 0.55 -0.29 -0.42 0.10 -0.10
Residual P 1.00 -0.41 0.57 0.10 -0.64 -0.20
Microbial P 1.00 -0.67 -0.64 0.68 0.12
AcPME 1.00 0.62 -0.82*  -0.10
AIPME 1.00 -0.68 -0.38
PDE 1.00 0.50
TOAs 1.00

AcPME acid phosphomonoesterase, AIPME alkaline phosphomonoesterase, PDE phosphodiesterase, TOAs total organic anions.
Asterisks indicate the significance level (*p < 0.05, **p <0.01, ***p <0.001).
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4.3.4 Phosphatase activity

Acid phosphomonoesterase activity was greatest among soil phosphatases, followed by alkaline
phosphomonoesterase and phosphodiesterase (Figure 4.3). Additionally, enzyme activities were
greater in the rhizosphere soil of blue lupin compared to Russell lupin. The activity of acid
phosphomonoesterase decreased (blue lupin: p > 0.05; Russell lupin: p < 0.01) by up to 9% in the
rhizosphere soil of blue lupin and by up to 13% in the rhizosphere of Russel lupin, when soil pH
increased from 5.3 to 6.0 (Figure 4.3a). Similarly, alkaline phosphomonoesterase activity decreased
(blue lupin: p = 0.055, Russell lupin: p = 0.015) by up to 6% and 21% respectively, following soil pH
increase (Figure 4.3b). Whereas, phosphodiesterase activity showed an opposite trend to that of
phosphomonoesterases, increasing by up to 19% and 38% for blue and Russell lupins respectively

(Figure 4.3c).

Acid and alkaline phosphomonoesterases were negatively correlated with labile P; (blue lupin: acid (r
=-0.44, p > 0.05, Table 4.4), alkaline (r =- 0.24, p > 0.05); Russel lupin: acid (r=-0.82, p =0.012, Table
4), alkaline (r =-0.66, p > 0.05). Whereas, labile P, was positively correlated with both acid (blue lupin:
r=0.63, p>0.05; Russell lupin: r = 0.85, p = 0.008) and alkaline phosphomonoesterase (blue lupin: r =
0.50, p > 0.05; Russell lupin: r = 0.88, p = 0.004). Phosphodiesterase was positively correlated with
labile P; (blue lupin: r = 0.53, p > 0.05; Russell lupin: r =0.81, p = 0.013) and negatively correlated with
labile P, (blue lupin: r = - 0.29, P> 0.05; Russell lupin: r = - 0.80, p = 0.017; Table 4.4). Acid
phosphomonoesterase was the only phosphatase enzyme significantly correlated with other P
fractions in the rhizosphere soil of blue lupin (Table 4.4), specifically with stable P; (r=0.83, p =0.011)

and stable P, (r =-0.87, p = 0.005). However, these correlations were weak (p >0.05) for Russell lupin.
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Figure 4.3 Activities of phosphomonoesterases, both acid (a) and alkaline (b) and phosphodiesterase
(c) in the rhizosphere soil of two different lupin species after 11 weeks of the growth period, as
affected by soil pH increase from 5.3 to 6.0 through liming. Different lowercase letters above the
bars indicate significant differences between the two soil pH levels within each lupin species,
according to a two-sample t-test at 5%.
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4.3.5 Microbial biomass P

Increasing soil pH from 5.3 to 6.0, increased significantly microbial P in the rhizosphere soil of both
species (Figure 4.4). Blue lupin had higher (p <0.001) microbial P concentration in the rhizosphere
compared to Russell lupin regardless of soil pH level; the microbial P for blue lupin was 16% and 17%
higher than Russell lupin under pH 5.3 and pH 6.0, respectively. The interaction soil pHXspecies was

not significant.
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Figure 4.4 Microbial biomass P (mg kg') in the rhizosphere soil of L. angustifolius and L. polyphyllus
after 11 weeks growth period, as affected by soil pH increase from 5.3 to 6.0 through liming.
Different lowercase letters above the bars indicate significant differences between the two soil pH
levels within each lupin species, according to a two-sample t-test at 5%.

In the rhizosphere of blue lupin, microbial P was strongly and positively correlated with labile P; (r =
0.90, p = 0.002, Table 4.4) and negatively correlated with labile P, (r = - 0.78, p = 0.024). However, in
the rhizosphere of Russell lupin, it was significantly correlated with labile P; fraction only (r=0.80, p =
0.015, Table 4.4). No significant correlation was found between microbial P and enzyme activities for
both species (Table 4.4). Though, phosphodiesterase showed a strong positive correlation with
microbial P in the rhizosphere of both species (blue lupin: r = 0.63, p = 0.12, Russel lupin: r=0.68, p =
0.071). Additionally, a strong and significant positive correlation (r=0.65, p < 0.01) was found between

microbial P and total organic anions in the rhizosphere of blue lupin only (Table 4.4).

4.3.6 Organic anions production

Six organic anions (pyruvate, malonate, fumarate, acetate, citrate, and malate) were detected in the

rhizosphere soil of both lupin species, while succinate was detected only in the rhizosphere soil of blue
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lupin. The total organic anions produced in the rhizosphere of blue lupin across soil pH levels were 2-
fold higher (p = 0.001) than Russell lupin (Figure 4.5). Citrate and malate were the highest organic
anions among others exuded in the rhizosphere of both species. Moreover, significant differences
were found between blue and Russell lupin in the concentrations of citrate (p = 0.047), malate (p <
0.001), fumarate (p < 0.001), and malonate (p = 0.001) across soil pH levels. However, no significant
differences were found for acetate and pyruvate between the two species. The total organic anions
released under pH 6.0 increased by 18% and 25% for blue and Russell lupins, respectively, compared
to pH 5.3. Besides, citrate and malate anions under pH 6.0 increased by 24% and 8%, respectively,
compared to pH 5.3 in the rhizosphere of blue lupin, while in the rhizosphere of Russell lupin there

was an increase of 21 % in citrate and a decline (- 4%) in malate exudation (Figure 4.5).
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Figure 4.5 Concentrations of organic anions (UM g root DM) in the rhizosphere of L. angustifolius
and L. polyphyllus after 11 weeks growth period, as affected by soil pH increase from 5.3 to 6.0
through liming. Error bars represent standard error (SE) of four replicates (n = 4).

A strong positive relationship (r*= 0.72) was found between total organic anions and shoot P uptake
regardless of lupins and soil pH levels as shown in Figure 4.6. Additionally, the multiple regression
analysis conducted on the data of the two lupins together showed that the total organic anion
concentration (TOAs) was the most important factor which impacting P uptake. Approximately 71%
of the variation in shoot P uptake, regardless of plant species, was explained by standardized equation

4.2:

Shoot P uptake (mg pot?) = 1.34 + 0.46 TOAs (n = 16; p < 0.001) (4.2)

81



g 2] o ® © g™ O
> © o
;1.5 s I
> O e
g e
S 14 e O y = 0.044x + 0.320
o | e o R?=0.72
3 @o O p < 0.001
< 0.5 1
w
O T T T T T 1 T 1
5 10 15 20 25 30 35 40 45

Total carboxylate concentration (UM g-' root DM)

Figure 4.6 Relationship between total organic anions (TOAs) and shoot P uptake regardless of lupin
species and soil pH levels.

4.4 Discusssion

4.4.1 Plantyield and P uptake

The greater shoot P uptake of blue lupin compared with Russell lupin indicates that the former was
able to take up more soil P than the latter where the level of available soil P was low. This could be
related to the higher root biomass of the blue lupin, increasing its capacity to explore a larger soil
volume (Lynch, 2007). Generally, under limited P availability, plants increase their root-to-shoot ratio
in order to enhance P acquisition (Hermans et al., 2006; Ramaekers et al., 2010). Thus, the slight
decrease in this ratio with pH increase for both lupin species could be due to the increased P;
availability in their rhizosphere soils. However, the shoot P concentrations in both lupin species
(ranged 0.12-0.16%) were below the optimum range (0.2—0.3%) for lupins (Li et al., 2008; Miiller et
al., 2015). Russel lupin produced more root per unit of shoots compared to blue lupin, though was not
reflected in terms of shoot P uptake. Moreover, labile phosphorus in the rhizosphere of Russell lupin
was higher than blue lupin, but again, was not reflected in terms of shoot P uptake. Further, the P
dynamics in the rhizosphere of the two species were relatively consistent compared to the bulk soil.
These results indicate that Russell lupin probably has a lower P requirement compared to blue lupin.
This hypothesis is in line with Davis (1991), who found that two perennial lupins (L. polyphyllus and L.
arboreus) grown in an acid soil (pHwater 5.3) with an Olsen P of 5 mg kg, showed no response to a
range of P fertilizer rates (0 to 800 kg hal). However, in our experiment the plants could have been

pot-bound. Also, only two P levels were used.
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Organic anions are well recognized as an important strategy for mobilizing P in rhizosphere soil, and
thereby enhancing P uptake (Sun et al., 2020; Wang and Lambers, 2020). This was confirmed in the
present study where total organic anions were the most important factor that affected shoot P uptake
across the two species. Organic anions can also improve P nutrition indirectly through Al detoxification
(Chen and Liao, 2016). Therefore, the higher P uptake by blue lupin compared to Russell lupin could

be attributed to its higher release of organic anions.

The positive correlation found between total organic anions concentration (uM g rhizosphere soil
dry weight) and root DM (r = 0.65, p = 0.017) regardless of lupin species and pH may explain the higher
exudation of organic anions in the rhizosphere of blue lupin. However, the increase in shoot P uptake
at pH 6.0 compared to pH 5.3 for blue lupin only coincided with an increase of total organic anions,
while root DM remained unchanged. This result stresses the importance of investigating root
morphological traits along with root exudation in order to identify which root structure is mostly
related to organic anions exudation (McKay Fletcher et al., 2020), we hypothesize that soil pH change
can indirectly influence organic anions secretion by altering root morphology (Robles-Aguilar et al.,
2019). On the other hand, higher uptake of Ca?* at pH 6.0 after liming has presumably simulated
protons extrusion from roots which is supposed to be responsible for organic anions release

(Neumann and Rombheld, 2007).

The enhanced shoot DM vyield of blue lupin at pH 6.0 compared to pH 5.3, may be attributed to the
increase in P uptake. Moreover, the improved rhizosphere soil acidity being within the optimal pH for
narrow-leaf lupin growth (5-5.5 according to Tang et al. (1992)) with a significant reduction in
exchangeable Al (being below toxicity threshold: 1-2 cmol kg according to Edmeades et al. (1983))
could have contributed to increasing shoot DM yield of blue lupin. On the other hand, the relatively
higher pH in the rhizosphere of Russell lupin at soil pH 6.0 could have affected root nodulation, causing
a decline in nitrogen supply to the plant and therefore reducing the yield (Jessop and Mahoney, 1982;
Tang et al., 1992). In consistence with our results, Hendrie et al. (2018) found that Russel lupin yield

was unresponsive to lime application.

4.4.2 Rhizosphere pH and exchangeable Al related to organic anions exudation

In this study, blue lupin exhibited reduced rhizosphere soil pH relative to the bulk soil. This was
obviously due to the acidification of the rhizosphere, which is reported to be mediated by several
factors, including environmental stresses such as P deficiency and Al toxicity (Berenji et al., 2017;
Hinsinger et al., 2003). The differential uptake of anions and cations by plant roots has been

considered the major source of the H* flux into the rhizosphere soil (Jaillard et al., 2003; Tang and
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Rengel, 2003). However, the contribution of organic acids in rhizosphere acidification has been
reported to be minor (Wang and Lambers, 2020). In maize, for example, the contribution of exuded
organic acids to acidification was < 0.5% (Petersen and Boéttger, 1991). Conversely, the activation of
plasma membrane H*-ATPase (H*-pumping) has been reported to be related to citrate exudation in
white lupin (Lupinus albus) (Yan et al., 2002) and purple lupin (Lupinus pilosus)(Ligaba et al., 2004)
under P deficiency. Whereas, Zhu et al. (2005) found that cations (K*, Mg?*, and Na*) were also involved
as counterions for citrate release in cluster roots of Lupinus albus. In our study, it was not possible to
separate the quantitative contribution of each of these processes to rhizosphere pH decrease.
Nevertheless, the weak relationships found between total organic anions and rhizosphere pH (Table
4.4) support the hypothesis that organic anions exudation and rhizosphere acidification are two

separate processes that might be spatially coordinated.

The higher exchangeable Al concentration in the rhizosphere of blue lupin can be explained by the
increase in Al solubility due to acidification (Calba et al., 2004). The relatively higher pH in the
rhizosphere of Russell lupin reduced Al activity (Wang et al., 2006b). Thus, less exchangeable Al was
found in the rhizosphere of Russell lupin compared to blue lupin. However, shoot Al uptake of Russell
lupin was identical to that of blue lupin (Appendix C: Table C.2). These results indicate that blue lupin
was likely more tolerant to high soil exchangeable/Al toxicity. This could be attributed to its higher
secretion of organic anions which is widely established as an Al-tolerance mechanism (Zhang et al.,
2019b). Organic anions secreted by roots into the rhizosphere can externally chelate monomeric Al**
into non-toxic complexes (Chen and Liao, 2016). This hypothesis is supported by the strong and
positive correlations found between blue lupin shoot Al concentration and the concentrations of
individual organic anions extracted in the rhizosphere (Appendix C: Table C.3): malate (r = 0.89, p <
0.01), pyruvate (r = 0.80, p <0.05), and total organic anions (r = 0.80, p < 0.05), referring to an Al-
induced exudation of organic anions. Further, the obtained quantities of citrate and malate which are
known to be released in large amounts relative to other organic anions under Al stress by Al-resistant
species (Ma, 2000; Ma et al., 2001; Zheng et al., 1998) could be considered as an additional evidence
of the Al-exclusion mechanism adopted by blue lupin. Though, it cannot be ruled out that P deficiency

was also involved in these responses.

4.4.3 The response of phosphatase to rhizosphere pH elevation

The predominance of acid phosphomonoesterases is obviously a consequence of the acid soil used in
this study (Harrison, 1983; Juma and Tabatabai, 1978). The Aactivity/ApH:hizosphere ratios were: - 1.2, -
0.3 and 0.8 for acid, alkaline phosphomonoesterases, and phosphodiesterase respectively, in the

rhizosphere of blue lupin and - 1.5, - 0.8 and 1.3 respectively, in the rhizosphere of Russell lupin. These
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ratios suggest that the order of sensitivity of the enzymes to rhizosphere pH increase following bulk
soil pH increase from 5.3 to 6.0 was as follows: acid phosphomonoesterase # phosphodiesterase #
alkaline phosphomonoesterase. The inhibition effect of soil pH increase on acid
phosphomonoesterase activity was in accord with Ekenler and Tabatabai (2003); Margenot et al.
(2018). However, this behaviour did not necessarily reflect the generally accepted pH optima for acid

phosphomonoesterase (Niemi and Vepsalainen, 2005).

Controversial findings were reported regarding the response of alkaline phosphomonoesterase to soil
pH increase. Contrary to our results, Acosta-Martinez and Tabatabai (2000); Ekenler and Tabatabai
(2003); Wang et al. (2006a) reported that alkaline phosphomonoesterase activity was positively
correlated with soil pH increase. Whereas, Margenot et al. (2018) found that this enzyme did not
change under an unfertilized soil in response to increasing liming application rates, furnishing a
stepwise pH gradient from 4.7 to 6.4. The observed decrease in phosphomonoesterases activity in our
study can be explained by the repressive effect of the increased P; availability (Nannipieri et al., 2011;
Spiers and McGill, 1979) at pH 6.0 as the release of these enzymes by microorganisms and plants is

determined by their need for orthophosphate (Skujins and Burns, 1976).

The opposite trend found between phosphomonoesterases and phosphodiesterase in response to
rhizosphere soil pH increase suggests that liming could change the relative role of phosphatases in the
rhizosphere of lupins. This difference in the influence of pH change on phosphatases may partly be
due to the shift in the microbial communities (Paul and Clark, 1996); bacterial phosphatases had higher
pH optima than fungal phosphatases (Tabatabai, 1994; Turner and Haygarth, 2005). The higher
phosphodiesterase activity measured at pH 6.0 indicates that they are probably originated from
bacteria and actinomycetes, which are more abundant in neutral soils (Alexander, 1977). Moreover,
Hayano (1977); Turner and Haygarth (2005) reported that the activity of phosphodiesterase in acid
soils was likely limited by adsorption to soil constituents, similar observations were reported by
Leprince and Quiquampoix (1996) for other phosphatases. Although it reduces enzyme activity,
sorption can also stabilize enzymes to the extent that much of the activity measured in soil assays are
from the stabilized enzymes (Kiss et al., 1975; Skujins and Burns, 1976). Therefore, the observed
increase in rhizosphere pH after liming could have mobilized some of the stabilized phosphodiesterase
in our soils (Allison, 2006). Moreover, the strong positive correlation found between
phosphodiesterase and microbial P (r = 0.74, p = 0.002) regardless of lupin species, indicates that the
additional increase in phosphodiesterase at pH 6.0 could have been mediated by the substrate (diester

P) loading into the rhizosphere soil due to microbial cells death. On the other hand, this relationship
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appears to support the hypothesized use of phosphatase by microorganisms to scavenge P under P

limitation (Margenot et al., 2018; Oberson et al., 2001).

4.4.4 Phosphorus dynamics associated with rhizosphere properties

Our results showed that liming influenced rhizosphere pH, phosphatase activities, organic anions
exudation, and subsequently P distribution in the rhizosphere. We observed greater P uptake by blue
lupin (+ 50%) than Russell lupin, which should be translated into larger differences in terms of P
chemistry in the rhizosphere. Instead, some consistent patterns between the two species were
observed such as the fact that labile P; increased significantly following soil pH increase in the
rhizosphere of both species. This could be due to the effect of pH increase on P; desorption (Barrow
et al., 2020b; Sato and Comerford, 2005). The sorption of P; has also been reported to be reduced by
pH increase due to a decrease in surface positive charge, thus an increase in solution P (Barrow et al.,
2020a; Nobile et al., 2020). This view is supported by the positive relationship found between pH and
labile P; (Table 4.4) in the rhizosphere of both lupins. It is supported also by the negative relationship
found between labile P; and exchangeable Al (Table 4.4) because P associated with Al is known to be
released by desorption reaction at higher pH (Le Mare and Leon, 1989; Penn and Camberato, 2019).
Compared with Russell lupin, less moderately labile P; was accumulated in the rhizosphere of blue
lupin. This can be attributed to the mechanisms of ligand exchange and/or chelation of metal ions
through organic anions exudation which could have been also contributed to P release from sparingly

soluble Al, Fe and Ca phosphate (Gerke et al., 1994; Rose et al., 2010).

The increased P; availability at pH 6.0 compared to pH 5.3 in the rhizosphere, could have resulted from
the mineralization of labile P, which was significantly depleted in the rhizosphere soils of both species
following pH increase. A possible explanation for P, mineralization in this study might be related to
the enhancement of microbial activity at higher pH (Condron and Goh, 1990; Kiflu et al., 2017)
providing that the depletion occurred also in the bulk soil when pH was increased. Turner and
Haygarth (2005) suggested that phosphodiesterase is the rate-limiting step that regulates labile P,
mineralization. This agrees with the inverse relationships observed between phosphodiesterase and
labile P, in the rhizosphere of Russell lupin (r = - 0.80, p= 0.017), implying that the mineralization of
labile P, at pH 6.0 compared to pH 5.3 in the present study, probably results from the additional
release of phosphodiesterase at pH 6.0. This suggests that the decrease in phosphomonoesterases
relative to phosphodiesterase may not necessarily impact the mineralization of labile P, in the

rhizosphere.
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The higher labile P; concentration in the rhizosphere of Russell lupin compared to blue lupin could be
due to low P utilization by Russel lupin referring to its low shoot P uptake. The higher labile P; in the
rhizosphere of both species compared to the bulk soil is in accordance with previous reports (Sugihara

et al., 2016; Sun et al., 2020).

The accumulation of labile and stable P, in the rhizosphere compared to the bulk soil, regardless of
lupin species, can be attributed to several factors. For instance, it is well documented that roots supply
organic carbon which plays an important role in stimulating microbial growth and activity in the
rhizosphere (Helal and Sauerbeck, 1989; Toal et al., 2000), which in turn promotes P immobilization
by soil microbes (Wu et al., 2007). This is supported by the significant positive correlation (r = 0.65, p
=0.007) found between microbial biomass P and total organic anions —a source of carbon for microbes
(Hutsch et al., 2002; Pausch and Kuzyakov, 2018) — irrespective of soil pH and lupin species. Similar

relationships were reported in previous studies (Brookes et al., 1984; Chen et al., 2002).

The accumulation of moderately labile P, and stable P, in the rhizosphere of both lupins at pH 6.0,
relative to pH 5.3, is in line with the results of Li et al. (2015) who found an accumulation of moderately
labile Po in the rhizosphere of fababean (Vicia faba L.) and maize (Zea mays L.) grown in acid soils
treated with OH to increase soil pH. This reflects the enhancement of microbial activity at higher pH,
indicating that P; was immobilized into organic fractions by microorganisms (Condron et al., 2005).
The implication of P immobilization in increasing soil P, content has been confirmed by several
workers (Condron and Goh, 1989; George et al., 2006). Additionally, the observed decrease of
phosphomonoesterases in the rhizosphere of both lupin species following pH increase likely
contributed to P, accumulation. For instance, we found that acid phosphomonoesterase was

correlated strongly and inversely with stable P, (r =-0.87, p < 0.01) in the rhizosphere of blue lupin.

Stable P; was assumed to represent the fraction of calcium phosphate and occluded P within Fe and
Al oxides (Cross and Schlesinger, 1995). In the present study, stable P; fraction depleted significantly
in the rhizosphere compared to bulk soil regardless of lupin species. This is likely to result from the
root-induced pH decrease which is supposed to dissolve mainly calcium phosphate (Hinsinger, 2001).
This result indicates that calcium supply via liming at a relatively moderate rate (2 to 3 t ha?) is not
necessarily increasing Ca-P compounds in the soil at least in the short term. The depletion of residual
P in the rhizosphere relative to the bulk demonstrates that both species can utilize that recalcitrant P
part. The increased residual P in the rhizosphere of blue lupin at pH 6.0 could be due to P,

accumulation.

87



4.5 Conclusion

This study was able to reveal the short-term effect of lime-induced pH elevation on P cycling processes
and P dynamics simultaneously in the rhizosphere of two lupin genotypes grown on an acid grassland
soil. Lime application increased labile P; in the rhizosphere of both species. This partly resulted from
labile P, mineralization which likely resulted from microbial activity enhancement at higher pH.
Another inference, drawn from this experiment, is that the decrease in phosphomonoesterases
relative to phosphodiesterase following pH increase does not necessarily impact the mineralization of
labile P, in the rhizosphere. In parallel, elevated pH in the rhizosphere has promoted extractable P,
accumulation mainly as moderately labile and stable forms due to phosphomonoesterases activity
reduction and microbial P immobilization. We compared blue and Russell lupins, for the first time, and
we found that the higher shoot P uptake of blue lupin compared to Russell lupin is explained mostly
by its higher root biomass and higher exudation of organic anions. However, our research was limited
to one soil and a comparatively short evaluation period. Therefore, for future research we recommend
evaluating more soils with different P fertilities across different plant growth stages. We also
recommend using a bigger pot size to avoid any negative effect that small pot size could have on plant

growth.
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Chapter 5
Soil pH Effects on Phosphorus Mobilization in the Rhizosphere of
Lupinus angustifolius

(Published paper)

5.1 Introduction

Phosphorus (P) is an essential macro-nutrient that often limits the productivity in natural and
agricultural ecosystems (Hou et al., 2020; Mogolldn et al., 2018). Phosphorus availability and mobility
are low in most soils, especially acid soils where P availability is mainly limited by adsorption reactions
due to low pH and high concentrations of Al/Fe oxides and hydroxides (Gessa et al., 2005; McDowell
and Condron, 2000) as well as sorption to clays and organic matter (Asomaning, 2020). Soil
microorganisms also immobilize P into organic forms which may further constrain P availability to
plants (Richardson and Simpson, 2011). Liming is a commonly used agricultural practice on acid soils
to maintain an appropriate pH for plant growth and decreasing Al phytotoxicity (Bouray et al., 2020;
Morton and Moir, 2018). However, reports of lime-induced pH modification effects on P availability
are (1) inconsistent (2) focussed mainly on soil chemical changes and (3) often limited to the bulk soil
(Azeez et al., 2020; Curtin and Syers, 2001; Haynes, 1982; Margenot et al., 2018; Mkhonza et al., 2020;
Simonsson et al., 2018). However, plant P acquisition is mainly determined by many processes in the
vicinity of the roots; that is, the rhizosphere (George et al., 2011). Thus, tackling the pH-P availability
relationship from a rhizosphere perspective would better help to understand the effects of soil pH

increase via liming on P bioavailability and utilization by plants.

Plants can increase P acquisition by utilizing various biophysical and chemical mechanisms such as
alteration in root system architecture, production of extracellular enzymes (phosphatases), secretion
of organic anions and acidification of the rhizosphere (Hinsinger et al., 2011). Legumes like blue lupin
(Lupinus angustifolius) are known for their ability to thrive under P-limited environments (Lambers et
al., 2013). Unlike white lupin (Lupinus albus), blue lupin does not form cluster roots (Wang et al., 2008)
and has been reported to exude carboxylate at a rate lower than that of white lupin (Hocking and
Jeffery, 2004). Furthermore, when compared to white lupin, blue lupin has a less extensive root
system, consisting of a dominant taproot with a relatively large number of primary lateral roots and
few secondary roots (Clements et al., 1993). There is also no evidence that this species develops

effective mycorrhizal associations (Lambers and Teste, 2013). Yet, blue lupin had a superior ability to
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access P from the sparingly soluble forms compared with other non-cluster root lupin species (Pearse
et al., 2007). Thus, this species may have evolved other adaptive strategies for their P-acquisition
efficiency, such as root-morphological changes, and increased exudation of organic anions (Chen et
al., 2013; Pearse et al., 2006). However, responses of these adaptations to lime-induced pH elevation,
have been poorly investigated. It is imperative to quantify these responses to better understand to

what extent plants can acquire P in limed soils under different pHs.

Zymography is a new technique for quantitative visualization of enzyme activities in two dimensions
(2D) in-situ (Razavi et al., 2019). It has been applied in the rhizosphere for various purposes. For
example, it has been used to study the effects of plant growth (Ma et al., 2018a), root morphology
(Ma et al., 2018a; Ma et al., 2018b) and root exudate composition (Zhang et al., 2019a) on spatial and
temporal patterns of enzyme activities in the rhizosphere of many plant species. The DGT technique
has been widely used to measure labile solutes in soils and sediments, based on hydrogels with
homogeneously distributed analyte-selective binding phases (Davison and Zhang, 2016). It has
numerous advantages over the chemical soil extraction methods: (1) it relies on diffusion for solute
uptake and thus mimics a key mechanism for nutrients uptake by roots (2) it has been shown to
correlate with plant uptake of phosphorus (Degryse et al., 2009; Mason et al., 2013) through sampling
similar pools of the available nutrient (Six et al., 2013), and (3) DGT is the only technique capable of
generating quantitative, sub-mm scale 2D images of P. Two dimensional measurements of labile P
with DGT have been performed through analysis by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) (Santner et al., 2010). However, LA-ICP-MS is expensive, not available to
many laboratories, time-consuming and does not differentiate between dissolved organic P and
inorganic P (Vogel et al., 2019). Ding et al. (2013) developed a colorimetric technique that can be used
for the submillimeter-scale imaging of labile P in combination with DGT using Computer Imaging
Densitometry (CID) which has the potential to reduce costs and analysis times for high-resolution

imaging of P dynamics at the root-soil interface.

Zymography and DGT have significantly expanded our knowledge of nutrients and contaminants
dynamics in natural soil-rhizosphere-plant systems. Hummel et al. (2021) demonstrated that
combining the two techniques is technically feasible. Coupling these techniques to simultaneously
examine P and enzymes in the rhizosphere under different soil pHs could generate high-resolution
analysis, thereafter, bringing new insight on how soil pH is modulating P mobilization in rhizosphere
and plant P acquisition. In this study, we sought to (1) use colorimetric DGT with zymography to study
the effects of soil pH increase through liming on acid phosphatase activity and labile P distribution

patterns in the rhizosphere of blue lupin grown in two contrasting acid pasture soils, (2) examine the
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effects of soil pH increase on root morphological and physiological traits involved in P mobilization
and acquisition by blue lupin. We hypothesized that increasing soil pH to near neutral (pH 6.3) would
increase P availability and promote enzyme activity in the rhizosphere, alter root morphology and

increase the exudation of organic anions.

5.2 Material and methods

5.2.1 Soil and plant preparation

Two contrasting pasture soils: Mt Grand soil sampled from Mt Grand station (44°40'19.49"S,
169°19'5.66"E), a commercial sheep and beef high-country farm operated by Lincoln University,
located in central Otago district, New Zealand and Millers Flat soil collected near Millers Flat Village,
central Otago district, New Zealand (45° 37' 18.24"S, 169° 34' 58.38"E), from a permanent pasture
with typical low fertility high country pasture species, comprising browntop, fescue tussocks and poa
grass species. Both soils were sampled from the upper 15 cm, air-dried, and sieved (2 mm mesh). The
soils were characterized using the analyses listed in Table 5.1. The main differences between the two

soils were: total organic P content, resin P, exchangeable Al concentration and initial pH.

Lime (CaCOs, lab-grade) was applied to a subset of moist soil at a rate of 4.2 and 13.7 t ha for Mt
Grand and Millers Flat soils respectively, to raise the soil pHs from their initial values (Table 5.1) to a
target value of 6.5, but the actual pH value is 6.3. This pH target was selected based on the classic
understanding of maximum chemical P availability at near pH 6.5 as reported in many studies
reviewed by Penn and Camberato (2019). The soils were packed in the rhizoboxes (internal
dimensions: 15 x 30 x 2.5 cm) to achieve a consistent bulk density throughout of 1.1 g cm3. Sixteen
rhizoboxes used in the experiment (2 soil pH levels x 2 soil types x 4 replicates for each pH-soil type

combination).
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Table 5.1 Results of soil chemical and particle-size distribution before the establishment of the
experiment.

Mt Grand Millers Flat By method of

Initial pH 53 4.7 Blackmore et al. (1987)
Exchangeable Algc (cmol kg?) 1.13 10.55 Rayment and Lyons (2011)
Exchangeable Alcaciz (mg kgt) 4.7 31.7 Hoyt and Nyborg (1972)

Olsen P (mg kg?) 7 8 Olsen et al. (1954)

P retention (ASC, %) 20 52 Blackmore et al. (1987)

Resin P (mg kg?) 14 29 Saggar et al. (1990)

inorganic P (mg kg) 243 181 Bowman and Moir (1993); Dick and
Organic P (mg kg?) 401 216 Tabatabai (1977a); Turner et al. (2005)
Sulphate sulphur (ug g?) 3 5 Watkinson and Kear (1994)

Organic matter (% w w) 5.1 7.9 Blackmore et al. (1987)

Total N (% w w?) 0.27 0.30 (Dumas combustion method using an
Total C (% w wl) 2.96 4.60 Elementar Vario Max Cube Analyser)
CEC (meq 100 g?) 11 16 Brown (1943)

Ca (meq 100 g1) 34 1.2 Rayment and Higginson (1992)

Mg (meq 100 g1) 0.65 0.52

K (meq 100 g) 0.30 0.33

Na (meq 100 g1) <0.02 0.07

Base saturation (%) 38.3 12.9

Particle-Size distribution (%) ISSS Classification

Clay (0.05-2 um) 3 6

Sand (20-2000 pum) 50 40

Silt (2-20 pm) 47 54

ISSS International Society of Soil Science

The soils in the rhizoboxes were watered and incubated for a week to allow the dissolution of lime
before sowing. Blue lupin (Lupinus angustifolius) seeds were germinated on moist tissue paper for 48
hours and thereafter one seedling was planted in each rhizobox (Plate 5.1b). The rhizoboxes were
distributed randomly in a climate chamber and kept at a controlled temperature (24 °C day/16 °C
night) and a daily photoperiod of 14 h with a light density of 300 umolm™ s (Plate 5.1a). During the
growth period, the rhizoboxes were kept inclined at an angle of 45-50° so that the roots grew along
the detachable cover of the rhizobox. The rhizoboxes were covered with aluminium foil to limit
photochemical reduction phenomena in the rhizosphere and biofilm formation on the front plate
(Plate 5.1c). A layer of 10-um thick polycarbonate membrane (0.2 um pore size, GVS Group, Sanford,
USA) was placed between the soil and detachable cover to protect the soil and roots from physical
damage during the rhizobox opening. Watering ports in one of the walls of the rhizoboxes allowed
uniform irrigation during the plant growth. Soil moisture was maintained at 70% of field capacity (FC)
by watering rhizoboxes to a specific weight with tap water every two days. Four weeks after planting,
regions of interest (ROIs) were identified in each rhizosphere: these were defined as the areas where
lateral roots are clearly visible, partially buried in the soil and positioned at the same level as soil

surface without being overlapped. The distribution of labile P and phosphatase activity was then
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determined across the ROIs of the separate plant rhizospheres using DGT and zymography,
respectively (see below). A week later, the shoots from each rhizobox were harvested and oven-dried
at 65 °C for 48 h to estimate aboveground biomass. Shoot samples underwent acid digestion (Nitric
acid (HNOs; 69%)-Hydrogen Peroxide (H,0, 30%), 1:1 v/v) using a microwave digester (CEM MARS
XpressTM, CEM Corp. USA) (NIST, 1995). The digest solution was analyzed for total P using an
Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-OES: Varian 720-ES ICP-OES,
Varian, Melbourne, Australia). Shoot P uptake was calculated as the product of P concentration and

shoot dry weight.

Plate 5.1 Climate chamber (a), transplantation of blue lupin seedling into the rhizobox (b),
rhizoboxes transfered into the laboratory for DGT and zymography manipulation (c), zymography
filters harvesting after deployment (d) and soil-root interface with DGT assembly deployed (e).
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5.2.2 Organic anions and root morphology measurements

At harvest, rhizosphere soil adjacent to the visible lateral roots axes was collected. The sampling
targeted the soil 10-20 mm from the root tip and within 2—4 mm from the root surface. The roots
where the DGT was deployed were excluded. Bulk soil was sampled 30-50 mm away from roots. The
small amount of the collected rhizosphere soil per rhizobox (< 2 g) was used for organic anions
extraction (see below). Subsequently, the roots were carefully lifted out of the soil and gently shaken
to remove the loosely adhering soil around the roots and discarded, the soil adhering around the

|”

remaining roots was carefully sampled using a soft brush and defined as “rhizosphere soil” (Wang et
al., 2016). The rhizosphere and bulk soils collected in this step were used to measure pH and

exchangeable Al.

The roots were then washed free of soil and scanned with a CanoScan LiDE 210 scanner (Canon,
Japan). Subsequently, the roots were oven-dried at 65 °C for 48 h to estimate belowground biomass.
Root morphological traits, such as total root length, root surface area and average root diameter were
acquired from the scanned root images in WinRHIZO regular V. 2009 software (Regent Instruments
Inc., Quebec, Canada). The specific root length (SRL) was calculated based on the root length per unit
root dry weight (m g™1). The root length measurements were partitioned into five diameter classes: <
0.5,0.5-1, 1-1.5, 1.5-2, and > 2 mm. The relative diameter class length (rDCL) = DCL/total root length,
was computed for each of the five diameter classes (yielding a proportion of root length to normalize

disparity between plant sizes).

Organic anions were determined for both rhizosphere and bulk soils according to Mimmo et al. (2008)
with some modifications. Specifically, the air-dried soils were extracted with 25 mM KH,PO4(4 h, pH
2.35 adjusted with H3PQ.) using 1:5 (w:v) ratio, followed by filtration using a cellulose acetate syringe
filter (pore size 0.45 um, filter diameter: 28 mm). A subsample (100 uL) of the supernatant was
analyzed using High-Performance Liquid Chromatography (Shimadzu Corporation, Kyoto, Japan) as
described by Shi et al. (2011). The analytical standards were prepared by dissolving known amounts
of L-malic acid, malonic acid, citric acid, shikimic acid, succinic acid, pyruvic acid, DL-lactic acid, acetic
acid, and fumaric acid (all from Sigma-Aldrich, UK) in 25 mM KH,PO,4 (pH 2.35) matrix solution. The

HPLC data was processed using Lab solutions LCMS software (Shimadzu Corporation, Japan).

5.2.3 Soil zymography

The visualization of acid phosphatase activity in the soil was conducted using direct zymography
(Sanaullah et al.,, 2016). Nylon membrane filters (0.45 um pore size, 145 mm diameter, Pall
Corporation, Michigan, USA) were soaked for 10 mins in an artificial chemical phosphate substrate: 4-

methyllumbelliferyl phosphate disodium salt (4-MUP, Sigma Aldrich, UK) dissolved in a modified
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universal buffer (MUB, pH 6.5) to a concentration of 12 mM and subsequently oven-dried at 30 °C for
10 min. Phosphate substrate in the membranes diffuses into the soil and is enzymatically hydrolyzed,
producing a fluorescent substrate: 4-methyllumbelliferone (4-MU), which then diffuses back to the
membrane (Razavi et al., 2019). Under ultraviolet (UV) light, the released fluorescent substrate can be
visualized. The rhizoboxes were opened from the detachable cover and the saturated membranes
were deployed directly to the soil surface for 1 h, during which they were covered with aluminium foil.
After incubation, the membranes were carefully lifted off the soil surface and any attached soil
particles were gently removed using a soft brush. The membranes were oven-dried for 4 min at 30 °C
and placed under UV light (365 nm) in a UVP DigiDoc-It imaging system (UVP, Upland, California, USA)
comprised of a lightweight hood with UV blocking viewpoint and a UV transilluminator. Images were
taken using Canon Powershot G7 10 MP digital camera equipped with a 6x image-stabilized optical
zoom (Canon, Tokyo, Japan) which was connected to a computer and controlled using a capture
software (Doc-ItMLS version 6.3.3, UVP, California, USA). The camera settings and the conditions of

the imaging were the same for all rhizoboxes.

A calibration line (Appendix D: Figure D.1) was prepared as described by Giles et al. (2018). The nylon
membranes were cut into strips (4 cm?, n = 3) and soaked in a known concentration of 4-MU (0, 35,
70, 135, 200, 400, 600 and 800 uM). The 4-MU substrate was dissolved in 100 uL dimethyl sulfoxide
(DMSO) and diluted with universal buffer (MUB, pH 10) to the desired concentration. The amount of
4-MU per unit area was calculated from the volume of solution taken up by the membrane and its
size, then normalized by the incubation time (1 h). All measurements of phosphatase activity in 2D

images are presented in units of pmol mm=2 h,

5.2.4 DGT imaging

Chemical imaging of labile P was conducted using the DGT technique. Zirconium oxide (ZrOH)
precipitated in a hydrogel was prepared according Guan et al. (2015) to serve as the DGT binding gel.
This gel was chosen for its high binding capacity for phosphate and neutral colour (Ding et al., 2013;
Ding et al., 2010; Guan et al., 2015). Each DGT binding gel sheet (approx. size: 4 x 5 cm) was mounted
under a layer of 10-um-thick nuclepore membrane (0.2 um pore size, Nuclepore Track-Etched
Membrane, Whatman, UK) and onto a pre-cleaned acetate sheet using vinyl electrical tape, which also
sealed the four edges of the gel-mebrane assembly. The detailed description of the DGT assembly

(diffusion layer + ZrOH gel + acetate) set up is given in the Appendix D.

When the deployment of zymography membranes was completed, the soil moisture increased to~ 80-
85% FC and the rhizoboxes were put back in the climate chamber for 24 h, after which the rhizoboxes

were brought into the lab, laid flat and opened. Water was added to the region of interest (ROI) within
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the area previously targeted for zymography until a thin film of water was visible at the soil surface.
The DGT gel assembly was deployed for 24 h under slight pressure to ensure thorough contact with
the soil underneath. After deployment, DGT gel was harvested by gently removing the assembly from
the soil surface, rinsing with a jet of high purity water and then carefully cutting the nuclepore
membrane along all four edges using a PTFE razor blade. The gels were immediately subjected to a
heat treatment in hot water (85 °C) for five days to further bind the P onto the precipitated ZrOH. The
gels were then stained using the molybdenum blue method as described by Ding et al. (2013) and
finally scanned using CanoScan LiDE 210 scanner at a resolution of 600 dpi, corresponding to a pixel
size of 42x42 pum. The mass of P accumulated on each DGT gel was calculated using a seven-point
calibration curve that established the relationship between greyscale intensity and mass of P
accumulated in per area of gel (calibration range: 4.4 — 1103.9 ng cm™) (see Appendix D, Figure D.2).
The mass of P bound on the gel was used to calculate the average diffusive flux of P into the DGT gel

during the deployment (forthwith, “DGT-P flux”).

5.2.5 Image processing and analysis

The images were processed and analysed using Imagel (https://imagej.net.). Zymograms and DGT

images were scaled (resolution: 65 um and 42 um, respectively) and aligned with the help of root
photographs as described by Hummel et al. (2021). The P images were evaluated firstly by visual
inspection: images where no changes in P fluxes in the rhizosphere compared to the bulk soil were
visible and/or with air-bubbles (formed during DGT assembly deployment or preparation) were
discarded, then successful chemical images where single lateral roots are entirely visible and did not

overlap with others were selected for further analysis.

For each rhizobox replicate, phosphatase activities and P fluxes in the bulk soils were determined in
ten and five 3 x 3 mm areas respectively, away from any obvious root structures. Phosphatase activity
and P flux next to the each of the previously identified roots in each replicate were measured using a
single 1 x 6 mm profile (phosphatase activity: 16 x 93 pixels; DGT-P: 24 x 143 pixels). The profiles were
established across the roots between 0.5 and 1.5 cm from root tip in Mt Grand soil and between 0.5
and 1 cm in Millers Flat soil for both phosphatase activity and P flux. The profiles of acid phosphatase
activity and P flux combined were carried out successfully for three different roots in Mt Grand soil
for each soil pH separately. In Millers Flat soil five root were successfully analyzed at pH 4.7, while at
pH 6.3 only one single root was successful. At the root tips, the profiles were established for DGT-P
fluxes only using three different roots in Mt Grand soil for each soil pH, while in Millers Flat soil five
roots were used at pH 4.7 and three roots at pH 6.3. The root images were straightened in Imagel to

assist with the profile analysis. The zone of increased acid phosphatase activity was defined as the
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perpendicular distance from the root axis where acid phosphatase activity was at least 30% higher
than the activity in the bulk soil (Ma et al., 2018a). The zone of P mobilization was defined as the
perpendicular distance from the root axis to where DGT-P flux was at least one standard deviation
above the mean flux in the bulk soil, while the zone of P depletion was defined as two standard
deviations below the mean flux in the bulk soil. The center of the root was set as the mid-point
between the two visible root limits. The root diameter was measured manually in Imagel at the

locations where the profiles were taken.

5.2.6 Statistical analysis

A two-sample t-test was used for identifying the significant differences between the effects of the two
pH in each soil. One-way ANOVA with Tukey’s test as post-hoc test (p < 0.05) was carried out to identify
the differences between the combinations: soil type-pH using Minitab® statistical software version 18
(Minitab, Inc., State College, Pennsylvania, USA). Multiple linear regression (backward elimination, a<
0.05) was used to determine the most important variables (total organic anions, all root traits including
fine root and thick root lengths, bulk soil DGT-P, rhizosphere pH and exchangeable Al) that contributed
to shoot P uptake regardless of soil type and pH (see Appendix D, Table D.2 and Equation D.1). The
variables were standardized by subtracting the mean then dividing by the standard deviation. A
correlation analysis (Pearson) was used to examine relationships between the variables. Significance

was assumed at the 5% level throughout, unless stated otherwise.

5.3 Results

5.3.1 Root morphology, plant growth and P uptake

Total root length, root surface area and root biomass were higher in the Mt Grand soil than in the
Millers Flat soil at both pHs (p < 0.001) (Table 5.2). In Mt Grand soil, the soil pH increased from 5.3 to
6.3 decreased root total length, root surface area and root DM yield by 12, 6.6 and 20.6%, respectively,
but the differences were not significant. In Millers Flat soil a significant increase was observed in root
total length, surface area and average diameter when pH increased from 4.7 to 6.3, but root yield
remained unchanged. The specific root length (SRL) was higher in Millers Flat soil compared to Mt
Grand (p < 0.05). A decrease in SRL was observed in Millers Flat soil at pH 6.3 compared to pH 4.7 (p <

0.05), whereas in Mt Grand soil a slight but not significant increase in SRL with pH was observed.
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Table 5.2 Root morphological traits, dry matter (DM) yields and shoot P uptake of Lupinus
angustifolius grown in two contrasting soils (different acidities and P fertilities): Mt Grand and
Millers Flat, at two different pHs per soil (Mt Grand: pH 5.3 and 6.3, Millers Flat: pH 4.7 and 6.3).
Different letters indicate significant differences within each row (p < 0.05 after Tukey’s test).

Mt Grand Millers Flat

pH5.3 pH 6.3 pH 4.7 pH 6.3
Total root length 1182.6 +82.9a 1040.3+112a 334.1+443b 491.5+95.2b
(cm)
Root surface area 3724+14.2a 3479+220a 949+16.0c 185.3+28.8b
(cm?)
Average root diameter 1.0 £ 0.06ab 1.1 £ 0.06ab 0.9£0.04b 1.2 £0.04a
(mm)
Specificroot length (m 1.2+0.09b 1.4+0.10b 23+0.11a 2.0£0.29ab
g root DM)
Root yield 0.97+0.05a 0.77+0.05a 0.15+0.07 b 0.28+0.03 b
(g DM rhizobox?)
Shoot yield 1.88+0.07 a 1.54+0.11a 0.45+0.15b 0.51+0.28b
(g DM rhizobox?)
Shoot P concentration 1.47+0.04 a 1.06+£0.16 b 0.50+0.04c 0.59+0.04 c
(g kg™ DM)
Shoot P uptake (mg 2.75+0.12a 1.60+£0.21b 0.26+£0.06 c 0.26 £0.04 ¢
rhizobox?)

For each soil-pH combination, the percentage of total root length that belongs to each root diameter
class—the relative diameter class length (rDCL)— is shown in Figure 5.1. At the initial soil pH (pH 5.3 for
Mt Grand and pH 4.7 for Millers Flat), the fine roots (@ < 0.5 mm) accounted for almost 38% and 41%
of total root length, respectively. Increasing soil pH to 6.3 reduced the share of fine root length in both
soils, yet this reduction was more pronounced (p < 0.01) in Millers Flat soil (-18% versus - 8% in Mt
Grand). Conversely, the share of thick roots (@ > 2 mm) length increased slightly by 2% and 4% with

pH increase in Mt Grand and Millers Flat soils, respectively.
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Figure 5.1 Mean relative diameter class length (rDCL(%)= DCL/total root length) of Lupinus
angustifolius grown in two contrasting soils (different acidities and P fertilities): Mt Grand and
Millers Flat, at two different pHs per soil (Mt Grand: pH 5.3 and 6.3, Millers Flat: pH 4.7 and 6.3).
Bars: means of four replicates (* SE). Asterisks: significant differences (* p < 0.05, ** p < 0.01 after
two-samples t-test) between the two soil pHs per diameter class.

The shoot yield in Mt Grand soil was higher compared to Millers Flat (p < 0.001). Similarly, shoot P
concentration and P uptake were significantly higher in Mt Grand compared to Millers Flat (Table 5.2).
The shoot yield was not affected (p > 0.05) by soil pH change in either soil. In contrast, shoot P
concentration and P uptake were higher at pH 5.3 compared to pH 6.3 in Mt Grand soil (p < 0.05 and

p < 0.01), while no difference was found in Millers Flat between the pH levels. Regardless of soil type
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and pH, shoot P concentration and P uptake were significantly correlated with all root traits (total root

length, fine root length, thick root length, surface area, root DM yield and total organic anions) except

SRL and average root diameter (Appendix D: Figure D.3).

Fine root length showed the strongest

positive correlation (Shoot P concentration: r = 0.89, p < 0.001; Shoot P uptake: r = 0.91, p <0.001;

Appendix D: Figure D.3). Also, a strong positive polynomial relationship was found between both shoot

P uptake and P concentrations, and fine root length (Figure 5.2). Additionally, a decrease in other

shoot nutrient (magnesium (Mg), manganese (Mn), Zinc (Zn) etc.,) concentrations has been observed

in both soils with soil pH increase (Appendix D: Table D.1)
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Figure 5.2 Relationship between both (a) shoot P concentration (mg g?) and (b) P uptake (mg
rhizobox?), and fine root (@ < 0.5 mm) length (m plant™) across soil typexpH combinations. Red
circles represent Mt Grand soil and black circles represent Millers Flat soil.
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5.3.2 Soil pH, soil exchangeable Al and organic anions exudation

The rhizosphere pH decreased (p < 0.001) by 0.95 and 0.38 units compared to the bulk soil at pH 5.3
and pH 4.7 in Mt Grand and Millers Flat soils, respectively (Appendix D: Figure D.4). However, at pH
6.3, no difference was found between rhizosphere and bulk soils regardless of soil type. The
exchangeable Al measured in the rhizosphere was between 0.2 and 3.5 cmol. kg higher compared to
the bulk soil regardless of soil type and pH (p < 0.05), except at pH 4.7 in Millers Flat soil, where no
difference was observed between the bulk and rhizosphere soils (Figure 5.3). Average soil
exchangeable Al across soil pHs was 78% and 89% higher in Millers Flat bulk and rhizosphere soils,
respectively compared to Mt Grand soils. Soil pH increase from the initial value to pH 6.3 decreased

exchangeable Al in the bulk and rhizosphere soils regardless of soil type.

Rhizosphere soil Bulk soil
2 10 T
©
25
<C
© bA
g 4] ]
o aA
S 2 = aB bA
5 - *u bB bB
& 0 - -
pH 5.3 pH 6.3 pH 4.7 | pH 6.3
Mt Grand Millers Flat

Figure 5.3 Bulk and rhizosphere exchangeable Al concentrations (cmol. kg'!)of two contrasting soils
(different acidities and P fertilities: Mt Grand and Millers Flat) after 5 weeks growth of Lupinus
angustifolius. Bars show the mean (t SE) of 4 replicates. Lower-case letters indicate significant
differences (p < 0.05 after two-sample t-test) between the two pHs within each soil (Mt Grand: pH
5.3 and 6.3, Millers Flat: pH 4.7 and 6.3) for bulk and rhizosphere soils separately. Capital letters
indicate significant differences (p < 0.05 after two-sample t-test) between bulk and rhizosphere soils
per pH condition.

Citrate and malate were the dominant organic anions detected in Mt Grand soil. However, in Millers
Flat soil citrate was the dominant anion, while malate was not detected. Lactate, malonate, and
fumarate were also detected at low concentrations in both soils. Further, maleate was detected in
Millers Flat soil only and pyruvate in Mt Grand soil only. Total organic anions extracted in the
rhizosphere soil were greater (p < 0.01) in Mt Grand soil compared with Millers Flat soil regardless of

pH (Figure 5.4).
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Figure 5.4 Total organic anions (pmol g of soil) extracted in the bulk and rhizosphere soils of
Lupinus angustifolius grown in two contrasting soils (different acidities and P fertilities): Mt Grand
and Millers Flat, at two different pHs per soil (Mt Grand: pH 5.3 and 6.3, Millers Flat: pH 4.7 and
6.3) for 5 weeks. Bars show the mean (x SE) of 4 replicates. Lower-case letters indicate significant
differences (p < 0.05 after two-sample t-test) between the two pHs within each soil for bulk and
rhizosphere soils separately. Capital letters indicate significant differences (p < 0.05 after two-
sample t-test) between bulk and rhizosphere soils in each pH condition.

The total organic anions concentrations in the rhizosphere were always higher than in the bulk soil
regardless of soil type and pH (p < 0.05). At pH 6.3, the release of organic anions decreased in both
bulk and rhizosphere soils when compared to the initial pH, regardless of soil type. Across all soil type-
pH combinations, total organic anions in the rhizosphere were strongly correlated with all root
morphological traits except root average diameter (Appendix D: Figure D.3). Also, a strong positive

polynomial relationship was found between both shoot P uptake and P concentrations, and total

organic anions in the rhizosphere (Figure 5.5).
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Figure 5.5 Relationship between total organic anions (pmol g?) exuded in the rhizosphere and both
shoot P concentration (a) and P uptake (b) across soil type-pH combinations. . Red circles represent
Mt Grand soil and black circles represent Millers Flat soil.

5.3.3 Acid phosphatase activity and P flux distribution in the rhizosphere

Acid phosphatase activity in the bulk soil was not affected by soil pH change in Mt Grand soil (p >
0.05), whereas a significant increase was observed in Millers Flat soil (Appendix D: Figure D.5a). In Mt
Grand soil, P flux increased in the bulk soil with soil pH increase (p < 0.001) . Contrarily, a decrease
was observed in Millers flat soil with soil pH increase (p < 0.001) (Appendix D: Figure D.5b). The
average acid phosphatase activity in the bulk soil, across pH levels, was higher (p < 0.001) in Millers
flat soil (19.20 + 0.48 pmol mm™ hl; mean *SE) compared to Mt grand soil (7.40 + 0.20). In contrast,
the average P flux (9.96 + 0.44 pg cm™ s!) was greater (p < 0.001) in Mt Grand soil across pH levels
compared to Millers Flat (7.32 £ 0.31).
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Profiles of acid phosphatase and DGT-P fluxes from the root center to the surrounding soil (Figure 5.6)
showed that acid phosphatase activity was co-occuring with P mobilization in Mt grand soil (Figure
5.6a and b; Figure 5.7). However, in Millers Flat soil the higher acid phosphatase activity was co-
localised with P depletion (Figure 5.6c and d; Figure 5.7). The rhizosphere extent of acid phosphatase
in Mt grand soil was > 2 mm from the root center at pH 5.3, while at pH 6.3 was only 0.83 mm. Similarly,
in Millers Flat soil the rhizosphere extent of acid phosphatase decreased from 1.90 mm at pH 4.7 to
1.35 mm at pH 6.3. Phosphorus mobilization extent in Mt Grand soil was 0.39 mm from the root center
at pH 5.3 and 0.59 mm at pH 6.3. Furthermore, the P depletion extent in Millers Flat soil was 0.97 mm
from root center at pH 4.7 and 0.42 mm only at pH 6.3. Similar to the bulk soil, the DGT-P flux in the
rhizosphere (Figures 5.6 and 5.8) was higher at pH 6.3 compared to pH 5.3 in Mt Grand soil, whereas

in Millers Flat, higher fluxes were observed at pH 4.7 compared to 6.3.
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Figure 5.6 Profiles of acid phosphatase activity (pmol mm= h?) and P fluxes (pg cm™? s!) distribution as a function of the distance from the root center
towards the surrounding soil: (a) Mt Grand soil at pH 5.3, (b) Mt Grand soil at pH 6.3, (c) Millers flat soil at pH 4.7 and (d) Millers Flat soil at pH 6.3. Vertical
grey lines: the position of the average root radius. Small vertical arrows show the zones of acid phosphatase activity (blue) and P
depletion/mobilization(green). Error bars indicate the standard errors of acid phosphatase activity and P fluxes for three different roots in Mt Grand soil,
while in Millers flat soil five roots were used at pH 4.7 and a single root at pH 6.3. Error bars in (d) indicate the standard errors in 1 mm thick profile (16
pixels).
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Phosphorus fluxes into the DGT at the root tips in both soils were greater than the corresponding bulk
soil at pH 6.3, while at the lower pH it was difficult to discern a meaningful difference (Figure 5.8a). For
instance, in Mt Grand soil, at pH 6.3 the DGT-P flux was 24% higher at the root tips center compared
to 2 mm distance from it, while at pH 5.3, this difference was only 7%. On the other hand, in Millers
Flat soil, DGT-P flux at root tips center behaved differently between the two investigated soil pHs
(Figure 5.8b); it increased by 18% and decreased by 8% at pH 6.3 and 4.7, respectively at the root tips

center compared to 2 mm distance from it.
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Figure 5.8 DGT-P fluxes as a function of distance from the centre of the root tip : (a) Mt Grand soil
pH 5.3 and 6.3, and (b) Millers Flat soil pH 4.7 and 6.3. Error bars indicate the standard errors of P
fluxes for three different roots (n = 3) in Mt Grand soil. Three roots were also used in Millers Flat soil
pH 6.3, while five roots (n = 5) were used in Millers Flat soil pH 4.7.

107



5.4 Discussion

5.4.1 Root morphological and physiological adaptations to soil pH increase

Plants have evolved several strategies to acquire P under low P conditions (Lambers et al., 2006),
including root-morphological changes (Hammond et al., 2004) and the exudation of low molecular
weight organic anions (Pearse et al., 2006). In our study, shoot P concentrations were below the
optimum range (2-3 g kg™) for lupins (Li et al., 2008; Miiller et al., 2015), confirming soil P deficiency
conditions. Exudation of organic anions by blue lupin was likely partly induced by P deficiency, as
shown by the strong correlation of shoot P concentration and P uptake with total organic anions in the
rhizosphere as well as by the resulting positive polynomial relationship. For instance, in Mt Grand soil,
the significantly higher DGT-P (available P) in the bulk soil at pH 6.3 compared to pH 5.3 has coincided
with a significant decrease in total organic anions exudation. However, in Millers Flat soil, despite the
significantly decreased DGT-P in the bulk soil following soil pH increase, shoot P concentration, P
uptake and total organic anions did not change. This result implies that factors other than P and pH
were probably controlling P nutrition and plant growth in this soil, which is evidenced by the significant
differences in shoot P uptake and yield observed between this soil and Mt Grand soil at the same pH

of 6.3 with a comparatively similar DGT-P in the bulk soil.

Exchangeable Al concentrations in Millers Flat soil were very high, especially in the rhizosphere,
exceeding the toxicity threshold (1-2 cmol Kg') suggested by Edmeades et al. (1983) for legumes and
3 mg kg by Moir et al. (2016). Aluminium toxicity is known to affect uptake and translocation of water
and nutrients, altering plant metabolisms and growth (Singh et al.,, 2017). Therefore, higher
exchangeable Al concentrations in Millers Flat soil likely inhibited root growth and impeded P mobility
across the soil-root interface (Gessa et al., 2005) hindering P uptake by blue lupin. However, although
exchangeable Al in the rhizosphere soil was significantly reduced at pH 6.3 compared to pH 4.7, shoot
P uptake and plant growth did not improve. This could be explained by the fact that the high lime rate
applied to this soil to raise pH to 6.3 decreased nutrient availability (Barman et al., 2014; Scanlan et al.,
2017) as reflected by the significantly reduced concentrations of Mn, Zn, B, Fe, K and S in blue lupin
shoots at pH 6.3 compared to pH 4.7 (Appendix D: Table D.1). Similarly, shoot nutrient (Mn, Zn, Cu,
Mg, K and P) concentrations significantly decreased at pH 6.3 compared to pH 5.3 in Mt Grand soil.
These results question the suitability of near-neutral soil pH for blue lupin cultivation. The higher
uptake of Mn at pH 5.3 in Mt Grand soil is believed to be due to the higher secretion of organic anions.
This occurs because the carboxylates mobilize not only soil inorganic and organic P, but also a range of
micronutrients, including Mn (Lambers et al., 2015). This is confirmed by the strong correlation found
between total organic anions and Mn concentration in blue lupin shoots (r=0.91, p < 0.001) across all
combinations of soil type-pH. Furthermore, recently Wang and Lambers (2020) underlined leaf Mn

concentration as an easily-measurable proxy for carboxylates in the rhizosphere. Thus, low Mn
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concentration in lupin shoot at pH 6.3 in our soils, compared to their initial pH, indicates that higher
liming rates might have neutralized the solubility effects of organic acids, thus lowering the uptake of
P and other elements. This view agrees with Valentinuzzi et al. (2015). Additionally, higher supply of
Ca could adversely affect P mobilisation via organic anions exudation, because of “Ca-aided co-

adsorption” mechanism described by Duputel et al. (2013).

In addition to organic anions exudation, the higher P acquisition by blue lupin in Mt Grand soil
compared to Millers Flat soil could be associated with greater root length and root surface area, which
allowed exploration of a larger soil volume. This is supported by the strong correlation found between
P uptake and: total root length (r = 0.86, p < 0.001,Appendix D: Figure D.3) as well as root surface area
(r=0.86, p <0.001, Appendix D: Figure D.3) regardless of soil type and pH. Interestingly, the higher
specific root length in Millers Flat soil was not reflected in terms of P uptake in comparison with Mt
Grand soil, suggesting that this root trait may not be related to the mechanism of P acquisition.
Moreover, the benefits of root-specific length in terms of additional P uptake are still a matter of
debate (Robles-Aguilar et al., 2019; Zobel et al., 2007) . We hypothesize that the higher specific root
length (SRL) in Millers Flat soil was due to the reduction of root biomass (root DM vs. SRL: r=-0.87, p
< 0.001, Appendix D: Figure D.3) because of low pH and associated aluminium stress. The increase in
specific root length of blue lupin at acidic pH was confirmed recently by Robles-Aguilar et al. (2019).
As an alternative to the traditional diameter-based root classification where fine roots have most often
grouped in a single pool, commonly £ 2 mm, we have assigned a smaller diameter cut-off (@ < 0.5 mm)
to explicitly link the contribution of more adsorptive fine roots (McCormack et al., 2015) to P uptake.
Fine roots are crucial for water and nutrient uptake (lversen et al., 2017; Wang et al., 2019). For
instance, in maize, fine roots have been proven to be directly linked to P acquisition (@< 0.2 mm, (Wen
etal, 2017)) and (@ < 0.6 mm, (Zhang et al., 2012)). However, little is known about lupins. Our study
was the first to show that, regardless of soil type and pH, blue lupin fine root (@ < 0.5 mm) length was
strongly correlated with shoot P uptake/ P concentration more than any other root trait included in
this experiment (Appendix D: Figure D.3, Figure 5.2). Consequently, the lower shoot P uptake/P
concentration at pH 6.3 compared to pH 5.3 in Mt Grand soil was possibly due to the reduction of fine
root length. Also, the slightly lower total root length and surface area could have contributed. Likewise,
the significantly lower fine root length in Millers Flat soil at pH 6.3 compared to pH 4.7 could to some
extent explain the unresponsiveness of shoot P uptake/P concentration to soil acidity improvement
after liming, because fine roots acquire nutrients better than thick roots (McCormack et al., 2015). By
multiple regression analysis, the importance of fine root length in explaining the variability in shoot P
uptake was further evidenced (Appendix D: Equation D.1, Table D.2). On the other hand, in a
decreasing order of importance, the following root morphological traits: fine root length, total root

length, surface area, and thick root length were found to be strongly and positively correlated with
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total organic anions concentration in the rhizosphere (Appendix D: Figure D.3). This result confirms
and extends previous findings demonstrating multiple coordination and trade-offs among
physiological and morphological traits involved in P acquisition in crop species (Honvault et al., 2020).
However, further efforts are needed to improve the incomplete knowledge about the relevance of this
strategy in blue lupin. In summary, our results demonstrated, for the first time, that root morphological
and physiological traits involved in P acquisition by blue lupin were negatively affected at near-neutral
pH. This would help explaining the general agronomic recommendation that blue lupins prefer acid

soils.

5.4.2 Effect of soil pH change on P availability and phosphatase activity spatial
patterns in the rhizosphere

Profiles of DGT-P fluxes next to lateral roots revealed two contrasting patterns of P mobilization
between the two investigated soils (Figure 5.6 and 5.7): P depletion in Millers Flat soil versus P
mobilization in Mt Grand soil. These contrasting patterns could be because the total organic P content
of Mt Grand soil was twice that of Millers Flat soil. Thus, more labile P is expected to be sourced from
organic P hydrolysis via phosphatases (Condron et al.,, 2005). Furthermore, the higher release of
organic anions in the rhizosphere of blue lupin in Mt Grand soil compared to Miller Flat soil might have
contributed to shaping these patterns, because organic anions allow for displacement of inorganic and
organic P from bound or precipitated forms through the chelation of Al**, Fe?* and Ca®* (Wang and
Lambers, 2020). They also constitute a source of carbon for soil microbes (Hutsch et al., 2002). In Mt
Grand soil, at pH 5.3, the higher rhizosphere extent of acid phosphatase activity compared to pH 6.3
suggests that more organic P was likely mineralized increasing P availability for the plant, hence
explaining the greater shoot P uptake at pH 5.3. However, at pH 6.3, the DGT-P in the rhizosphere was
higher compared to pH 5.3, but not reflected in term of P uptake. This could partly be due to the
alteration of root morphological and physiological traits following soil pH increase as previously
discussed. Moreover, the observed increase in DGT-P at pH 6.3, whether in the rhizosphere soil or the
bulk soil, could be attributed to the effect of pH increase on desorption of inorganic P (Barrow et al.,
2020b; Penn and Camberato, 2019). Also, the sorption of inorganic P is reduced at higher pH due to a
less positively charged soil that repel phosphate anions and thus increase soil solution P (Barrow et al.,
2021; Nobile et al., 2020). Additionally, lime amendment has been found to enhance organic P
decomposition (Condron and Goh, 1989; Kiflu et al., 2017). Recently, Wan et al. (2020) confirmed that
pH directly influences the growth of organic P-mineralizing microbes, thus affecting organic P

mineralization.

The higher P mobilization extent in the rhizosphere of blue lupin in Mt Grand soil, at pH 6.3 compared
to pH 5.3, can be explained by the root size. Thus, after normalization of P mobilization extent by root

radius, P mobilization extents were identical between the two pHs (p > 0.05, Appendix D: Table D.3).
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Therefore, we suggest that root radius and other traits, such as root hairs should be considered in
future DGT imaging studies, especially when comparing crops of different rooting systems. For
instance, Ma et al. (2018b) visualized the spatial distribution of enzyme activity in the rhizosphere of
various plant species including Lupinus polyphyllus. They found that root radius strongly affects
phosphatases activity per root surface area. This implies that labile P distribution patterns in the
rhizosphere would also be affected by root radius, given that P availability and phosphatase activity

are associated.

The combination of zymography and DGT techniques in this study demonstrated the co-localization
between P availability and acid phosphatase activity in the rhizosphere of blue lupin. Co-localized P
depletion and elevated phosphatase activity in Millers Flat soil agree with a recent study conducted on
the same lupin species (Hummel et al., 2021). Depletion of DGT-P along the roots in this soil is in line
with previous studies (Kreuzeder et al., 2018; Santner et al., 2012), suggesting that the released P was
taken up by the roots or/and rhizosphere microbes. However, the extremely low shoot P
concentration/shoot P uptake in Millers Flat soil indicates that other mechanisms possibly contributed
to creating such a spatial pattern: the higher P retention in Millers Flat soil (52% versus 20% in Mt
Grand soil) due to high Al content had likely affected the solubility of P and its diffusion in the
rhizosphere soil resulting in a slow replenishment of the depleted P, thus causing a low utilization of P
by plants (Degryse and MclLaughlin, 2014; Volf and Rosolem, 2020). Furthermore, the resulting
decrease in DGT-P in both rhizosphere and bulk soils when Millers Flat soil pH increased can only be
attributed to the lime effect because lime per se can reduce the mobility of P in the soil depending on
soil type. For example, Curtin and Syers (2001); Eslamian et al. (2020) demonstrated that lime-induced
P retention was due to high Ca supply, through its effect on surface electrostatic potential or by co-
adsorbing with phosphate. Also, lime addition likely hydrolyzed the initial exchangeable Al and
provided a surface for P adsorption. This hypothesis was confirmed in several studies as reviewed by
Penn and Camberato (2019). Therefore, the decreased P depletion extent at pH 6.3 compared to pH

4.7 possibly resulting from restrictive effects of lime on soil P solubility and bioavailability.

The observed decrease, although small, in P flux at the root tips at pH 4.7 compared with an increase
at pH 6.3 in Millers Flat soil could either be (1) because Al toxicity effects on root tips were alleviated
after liming, external supply of Ca has also been found to ameliorate Al toxicity (Rengel, 1992), (2) P
deficiency effect because P availability was restricted at pH 6.3. Both (1) and (2) might have triggered
the localized release of protons and citrate resulting in enhanced solubilization of the adsorbed or/and
precipitated P (McKay Fletcher et al., 2020; Siao et al., 2020). Likewise, P flux at root tips in Mt Grand
soil was more pronounced at pH 6.3 than pH 5.3. Again, this could be due to the role of lime in reducing
toxic Al concentrations. Moreover, P desorption following liming likely facilitated root access to certain

P forms. In summary, our results demonstrated that the lower uptake of P at pH 6.3 compared to pH
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5.3, in Mt Grand soil, is not necessarily due to low P availability in the rhizosphere, but rather seemed
to be affected by the alteration of root traits, in particular organic anions and fine root length. Also,
the limitation of other nutrients at higher pH could have partly contributed to this, because several
studies have proven that P interacts synergistically with other elements to modulate P absorption by

plants (de Souza Cardoso et al., 2020; Zhao et al., 2020).

5.5 Conclusion

For the first time, we combined zymography and colorimetric DGT techniques, and analysis of root
traits to understand how lime-induced pH elevation affects P acquisition by blue lupin grown in two
contrasting pasture soils (different acidities and P fertilities). We found that (1) the spatial distribution
patterns of P availability and acid phosphatase activity in the rhizosphere of blue lupin were mainly
driven by soil properties, (2) shoot P uptake was strongly correlated with fine root length and total
organic anions in the rhizosphere, regardless of soil type and pH (3) liming reduced the length of fine
roots, the exudation of organic anions in the rhizosphere and the rhizosphere extent of phosphatase
activity, and (4) across all combinations of soil type x pH, variation in shoot P uptake/P concentration
were mostly explained by exchangeable Al concentration in the rhizosphere, rhizosphere pH and fine
root length. Taken together, our results demonstrate that increasing soil pH to near neutral (pH 6.3)
using lime does not improve P acquisition by blue lupin. Also, the liming effects on P availability are
driven by soil properties. These findings challenge the classical view that legume P availability is
maximized at near-neutral soil pH, but may instead be species-specific, perhaps depending on the
adaptation of individual species to low P environments. The results and information generated in this
study are valuable for future effective utilization of lime and improving the productivity of blue lupin

in acid P deficient soils.
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Chapter 6
Surface Liming Effect on Phosphorus Biochemistry and Dynamics
in Extensive Acid Grassland

(Published paper)

6.1 Introduction

Liming is a commonly used agricultural practice to increase soil pH and thus the availability of nutrients
such as phosphorus (P) for pastures (Holland et al., 2018). Elevated soil pH increases the available
inorganic P (P;) by desorption reactions, and by decreasing P sorption because the soil adsorbing
surfaces become more negative as pH increase and thus less attractive to P species (Barrow, 2017;
Barrow et al., 2020b), mainly divalent phosphate ions (HPO,%) (Barrow, 1984). Lime-induced pH
elevation also reported to have similar effects on soil P sorption/desorption (Barrow, 1984; Haynes,
1982). Nonetheless, reports of liming effects on soil P availability have been inconsistent (Curtin and
Syers, 2001; Haynes, 1982; Margenot et al., 2018; Mkhonza et al., 2020). Also, most of the cited studies
were based on laboratory and/or controlled experiments which may not be relevant for open fields
systems where liming effects may be influenced by depth and environmental factors (rainfall,

temperature).

Phosphorus availability in acid soils is mostly restricted by adsorption reactions between P ions and
metal (e.g. Al/Fe) oxides and hydroxides, clay minerals and organic matter (Asomaning, 2020; Sims and
Pierzynski, 2005), therefore P availability is considered to be maximized around pH 4.5 and 6.5 where
the degree of P fixation by Al, Fe and Ca is minimized (Penn and Camberato, 2019; Price, 2006). In
contrast, Barrow (2017); Barrow et al. (2020b) argued that raising soil pH to 6 or 7 is not likely to
increase P availability to plants and that P desorption and P uptake by plants occur with a much lower
pH optimum. However, these two contrasting views were based on abiotic processes (precipitation
and adsorption/desorption reactions; see Barrow (2021)) to assess the effects of pH on P availability,
which may be similarly mediated by biological processes since organic P could account for 30 to 65%
of soil total P (Condron et al., 2005). The pH increase following a liming event could enhance organic P
mineralization because P cycling enzymes (phosphatases) are sensitive to pH change, they also have
distinct pH optima (Turner and Blackwell, 2013; Turner, 2010). Moreover, Wan et al. (2020)

demonstrated that pH drives the growth of organic P-mineralizing microbes.

Nonetheless, the importance of pH in regulating the soil organic P pool is poorly understood since few

studies, if any, have separated the effect of pH from other soil properties (Condron and Goh, 1990;
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Condron et al., 1993; Simonsson et al., 2018; Turner and Blackwell, 2013). Phosphodiesterase is the
most likely rate-limiting step in organic P mineralization (Condron et al., 2005). However, it is far less
investigated compared to phosphomonoesterases. The activity of acid phosphomonoesterase being
the dominant enzyme in acid soil is commonly observed to decrease with pH increase (Hui et al., 2013),
while controversial findings were reported regarding the alkaline phosphomonoesterase (Margenot et
al., 2018; Wang et al., 2006a). Therefore, liming could have a substantial impact on P availability by
altering phosphatase activity. Independent of its effects on soil microbial composition, lime could also
directly impact phosphatase activity by mobilizing the stabilized enzymes due to sorption (Allison,
2006; Skujins and Burns, 1976). This may mask the individual effect of microbial biomass on enzyme
activity. Accordingly, with total activity (e.g. absolute activity), it is not possible to ascertain whether
the observed differences in the soil enzyme activity are due to the difference in microbial biomass or
for a different reason (de Medeiros et al., 2015; Raiesi and Beheshti, 2014). Expressing enzyme activity

per unit of microbial biomass P (the so-called specific activity) is one way to accommodate this issue.

Soil acidity and low P availability are among the major limitation to pastures (especially the legume
component) establishment and persistence in New Zealand (NZ) upland grasslands, popularly called
“high and hill and country” (Maxwell et al., 2013; Moir et al., 2016). Thus, lime application is often
critical, but not always practised, due to on-farm financial constraints (high cost of aerial application).
However, lime solubility in the soil is low (Hendrie et al., 2018). Moreover, NZ hill and high country are
generally drylands and often have a short, moisture limited production season (Moir et al., 2000). This
could further restrict the effectiveness of liming in these typical environments and thereafter limit its
reaction with soil P. In this context, we conducted a field experiment run for 18 months in a long-term
(60 years+) permanent grassland with significant historical inputs of single superphosphate. We aimed
to evaluate the impact of liming on P biochemical processes and dynamics. To produce different pH
conditions (5.4-7.0), we applied four different lime rates (0, 2, 5 and 10 t ha). To evaluate the extent
of lime reactivity and movement down the soil profile (0-7.5 cm) we split the profile into two different

depths 0—3 cm and 3—7.5 cm. The following hypotheses were raised:

(1) Liming improves soil P availability by enhancing organic P mineralization.
(2) Liming alters phosphatase activity and enhances microbial activity.
6.2 Material and methods

6.2.1 Experimental site and design

The experiment was established on 23 November 2018 at Mt Grand Station, a 2131-ha commercial
sheep and beef high country farm operated by Lincoln University, located in the Central Otago district,

New Zealand (44°40'19.49"S, 169°19'5.66"E). The paddock (60 ha) on which the experimentation was

114



undertaken was on a south-facing hillside (shady aspect) of moderate-steep (20-25°) slope at 600 masl.
The soil at the site is classified as a Brown soil (NZ classification after Hewitt (2010); the United States
Department of Agriculture classification: Dystrudepts (USDA, 2014)), vegetated with naturalized
grasses, naturalized adventive clovers, native tussocks and remnant native shrubs (Plate 6.1). Soil
fertility status was characterized using the analyses listed in Chapter 4, Table 4.1. The climate is
continental-like with hot dry summers and cold frosty winters. Long-term average annual rainfall (60
years) is 703 mm, with high annual and monthly variability (Maxwell et al., 2016). The daily air-
temperature and rainfall in the site during the experimentation period (November 2018 to June 2020)

are given in Figure 6.1.

Plate 6.1 Field trial set up.
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Figure 6.1 Daily air temperature (°C) and rainfall for three years: (a) 2018, (b) 2019 and (c) 2020
including the experimentation period (November 2018 to June 2020), at Mt Grand station, central
Otago, New Zealand.

The developed grassland trial site had received regular applications of single superphosphate since the
advent of aerial topdressing in the 1940s. Applications were every 2—3 years from the 1950’s onwards
at the site, at a mean approximate rate of 100 kg SSP halyr. The experiment consisted of twelve plots
(5%5 m) across slope, arranged in randomized blocks with three replicates per treatment. The
treatments consisted of four rates of agricultural lime (90% CaCOs): 0, 2, 5 and 10 t ha™* which were
selected to produce a range of pH conditions (5.4-7.0). The lime was applied once at the establishment
of the experiment directly on the soil surface and evenly distributed within plots. The plots did not
receive any fertilizer inputs or irrigation. Salt (NaCl) was applied twice during the study at low rates
(=50 kg ha?) as a stock management tool to increase grazing pressure to reduce the annual grass weeds

(Tozer et al., 2013).
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6.2.2 Soil sampling and analysis

The soil sampling was conducted on three occasions (April 2019, November 2019, and June 2020). A
soil core sampler (25 mm diameter) was used to randomly collect fifteen sub-samples from the 0-7.5
cm depth within each plot-replicate to make up the composite sample per replicate. At the third
sampling, the soils cores were split into two depths: upper topsoil 0-3 cm and 3-7.5 cm, and the soils
were analysed for each depth separately to assess how soil pH changed in the topsoil layer (0-7.5 cm)
after 18 months and therefore evaluate to what extent lime was mobile within that layer. The samples
were sieved to 4 mm, homogenized, and stored at 4 °C. Plant material and stones were removed from

samples prior to sieving.

The soil samples were analysed for a variety of chemical, biological, and biochemical characteristics.
Soil pH was measured with a pH probe (SevenEasy pH meter, Mettler Toledo, USA) using 1:2.5 soil:
deionized water ratio. Exchangeable Al was measured in 1 M KCI (1:10 soil: extractant ratio) and 0.02
M CaCl, (1:4 soil: extractant ratio) extracts using Inductively Coupled Plasma Optical Emission
Spectrophotometry (ICP-OES: Varian 720-ES 283 ICP-OES, Varian, Melbourne, Australia). Total C and
total N were determined by combustion using Vario-Max CN Elemental analyser (Elementar GmbH,
Hanau, Germany). Anaerobic mineralizable N (AMN) was determined as described by Keeney and
Bremner (1966b). Olsen P and resin P were analysed according to Olsen (1954) and Saggar et al. (1990),
respectively. The variability in soil moisture was assessed from the samples collected throughout the
study period. Gravimetric moisture content was determined by the mass difference before and after

drying at 105 °C for 48 h.

Microbial biomass P (MBP) was determined after chloroform fumigation and extraction with 0.5 M
NaHCOs (Brookes et al., 1982). To estimate the P;recovery from the fumigated samples during the
extraction, a third set of non-fumigated samples were spiked with 25 mg P L (Boitt et al., 2018a). The
P recovery from microbial biomass was further corrected by a coefficient (Ky;) of 0.4 (Brookes et al.,
1982; Hedley and Stewart, 1982). Acid phosphomonoesterase (AcPME), alkaline
phosphomonoesterase (AIPME) and phosphodiesterase (PDE) activities were assayed and determined
as described by Tabatabai (1994). Enzyme activities were expressed as micromole of p-nitrophenol
(PNP) produced after 1-hour incubation per gram of over dried soil (i.e., absolute activity). The specific
activities of the enzymes were calculated by dividing absolute enzyme activities over the microbial

biomass P values (de Medeiros et al., 2015; Margenot et al., 2018).

Soil P fractionation was carried out at the last sampling only for the soils collected at 0-3 cm depth,
using the method described by Condron et al. (1996) and modified by including the residual P fraction
(recalcitrant P); the residual soil (0.25 g) was extracted with H,SO4 (6 M, 4 mL) for 16 hours after being

previously ignited for 3 hours at 550 °C (Gahoonia and Nielsen, 1992). The soil samples (0.5 g) were
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subject to a sequential extraction using different chemicals of different strengths: 1 M NH4Cl, 0.5 M
NaHCOs (pH 8.5), 0.1 M NaOH, 1 M HCl and a second extraction with 0.1 M NaOH. These P fractions
were separated and summed into four pools according to their lability: labile P (P; and P,) (NH4Cl +
NaHCOs), moderately labile P (P; and P,) (first NaOH), stable P (P;and P,) (HCl + second NaOH) (Boitt et
al., 2018b; Cross and Schlesinger, 1995). To avoid the effect high levels of exchangeable Ca could have
on P extraction and distribution, a prewash with 0.5 M NaCl salt (5 mL, centrifuged for 5 min at 3500
rpm) was included between the sequential extractions (Perrott, 1992). Total P in the soil extracts was
analysed using Inductively Coupled Plasma Optical Emission Spectrophotometry (ICP-OES: Varian 720-
ES 268 ICP-OES, Varian, Melbourne, Australia). For each P pool, Piwas analysed according to Murphy
and Riley (1962) and He and Honeycutt (2005) for acid and alkaline soil extracts, respectively, while P,
was determined as the difference between total P and P.. The quantities of P fractions were expressed

in mg kg soil.

6.2.3 Statistical analysis

The data were analysed using Minitab® statistical software version 18.1 (Minitab, Inc., State College,
Pennsylvania, USA). Lime treatments and soil sampling dates were considered as fixed factors. A two-
way ANOVA was carried out to test the significance (p < 0.05) of the main effect of each factor and
their interactions. One-way ANOVA was carried out to test the significance (p < 0.05) of the differences
between the effects of treatment levels and sampling dates separately, followed by a comparison using
Tukey’s post-hoc test in cases of significant differences (p < 0.05). A two-sample t-test (p < 0.05) was
used to identify the significant differences between the two depths: 0-3 cm and 3—7.5 cm. The partial
least square (PLS) regression was used to identify the relationship between soil variables (pH, P
fractions, microbial P, enzyme activities, Olsen P, resin P, total C, total N, anaerobic mineralizable N,
exchangeable Al, and soil moisture) and labile P;at 0-3 cm depth 18 months after lime application,
thus revealing the relative importance of the different variables in constructing the pattern of co-
variation. Additionally, each soil variable will have a loading score showing if its effect is high or low
with respect to labile Pi. The optimum number of PLS components corresponds to the first minimum
for the prediction error from the full cross-validation (leaves out only one sample at the time). All

variables used in the PLS analysis were cantered and scaled to unit variance.

6.3 Results

6.3.1 Temporal and liming effects on soil properties at 0-7.5 cm depth throughout
18 months

The temporal and lime treatment effects on soil properties at 0-7.5 cm depth throughout 18 months
are presented in Table 6.1. By eighteen months post treatment application, lime had increased soil pH

(p < 0.001). However, soil P availability and related biological processes were not affected by liming at
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0-7.5 cm, regardless of sampling date (Table 6.1). No difference was observed in soil pH between 0
and 2 t hain the first year, whereas an increment of 0.2 units was found after 18 months. At 5 and 10
t hal, soil pH was higher (p < 0.05) compared to 0 and 2 t ha? irrespective of sampling date. No
difference was obtained between 5 and 10 t ha™ with time. Sampling date significantly affected all soil
properties across lime treatments. Although the interaction treatmentxdate effects were not
significant regardless of soil properties, the sampling date effects seem to be more pronounced in the
treated soils (particularly at 5 and 10 t ha) compared to the untreated (0t ha). At 5 and 10 t ha?,
resin P (plant available P) and acid phosphomonoesterase activity were higher (p < 0.05) in the third
sampling (June 2020) compared to April 2019, while no significant changes were observed between
sampling dates at 0 t ha™. Soil pH and alkaline phosphomonoesterase activity were affected (p < 0.05)
by sampling date, but at 10 t ha® only. Microbial biomass P was the only soil property which was
affected by sampling date in the absence of lime (0 t hal). The KCl-extracted Al increased (p < 0.01)
with time at 5 and 10 t ha? only. In contrast, CaCl,-extracted Al remained unaffected by both liming
and sampling date. Soil moisture across all treatments was affected (p < 0.001) by sampling date.
However, when considering each treatment level separately, no significant effect was detected

between sampling dates. Similar observations were found for phosphodiesterase activity (Table 6.1).
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Table 6.1 Temporal and liming effects on soil pH, bioavailable P, microbial P, enzyme activities, and exchangeable Al at 0-7.5 cm depth over 18 months period.
Different upper-case letters denote the significant differences between lime rates for each sampling date separately (p < 0.05 after Tukey’s HSD test). Different
lower-case letters denote the significant differences between the sampling dates within each lime rate separately (p < 0.05 after Tukey’s HSD test). Asterisks
indicate the level of statistical significance (*p <0.05, **p < 0.01, p < 0.001).

Lime Sampling pH OlsenP  ResinP MBP AcPME AIPME  PDE Alkc Alcaciz MC
(thal) Date (cmol kg?)  (mgkg?) (%)
(mg kg?) UM pNP gt dry soil
0 April 2019 5.4B 10.6 18.3 40.2a 12.3 2.6 2.7 0.4 3.7 24.6
Nov 2019 5.5B 12.1 31.3 249b 151 3.5 3.7 0.5 4.2 28.7
June 2020 5.4C 13.3 33.8 39.7ab 14.8 4.2 3.0 0.5 4.5 26.2
p value n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s.
2 April 2019 5.5B 13.9 22.3 51.6 10.5b 2.6 2.8 0.2 3.0 23.2
Nov 2019 5.7B 164 36.7 36.9 15.2a 3.8 3.8 0.4 4.8 29.0
June 2020 5.6B 14.5 36.5 47.9 14.0ab 4.7 3.2 0.4 3.5 26.3
p value n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s.
5 April 2019 6.1A 9.4b 16.3b 38.5ab 10.9b 2.4b 2.9 0.1b 2.3 22.8
Nov 2019 6.2A 14.8a 37.0a 35.0b 14.5a 3.5ab 3.9 0.3b 2.5 26.8
June 2020 5.9A 14.9a 39.3a 57.1a 14.0a 4.4a 3.5 0.6a 4.2 26.5
p value n.s. * *kx * ok n.s. n.s. *kx n.s. n.s.
10 April 2019 6.4Aab 11.1 18.7b 40.1b  9.3b 2.5b 3.0 0.1b 3.2 23.4
Nov 2019 6.5Aa 14.8 37.0a 339b 14.0a 3.5ab 3.9 0.4b 3.9 28.3
June 2020 6.1Ab  15.8 40.3a 60.4a 14.0a 5.1a 4.3 0.5a 3.7 26.5
p value * n.s. ok o * * n.s. ok n.s. n.s.
Main Treatment ok n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
effect Date k% * % %k % %k ok %k % %k ok kK % k k% n.s. kK k
Treatmentxdate n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

MBP: microbial biomass P; AcPME: acid phosphomonoesterase; AIPME:
Alkci: 1 M KCl-extracted Al; Alcaciz: 0.02 M CaCl,-extracted Al, MC: moisture content.

alkaline phosphomonoesterase; PDE: phosphodiesterase.
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6.3.2 Soil P biochemistry and dynamics at 0-3 cm depth as effected by liming after
18 months

Liming effects on soil pH were more pronounced at 0—-3 cm depth compared to 0-7.5 cm. At 0—-3 cm
depth, the average pH at 0, 2, 5 and 10 t ha were 5.6, 6.1, 6.6 and 7.0, respectively. However, at 3—
7.5 cm depth, the soil pH did not change with time regardless of treatment level (varied between 5.2
and 5.3, Figure 6.2a). Also, Olsen P, resin P, anaerobic mineralizable N, microbial P and total C were
higher (p < 0.05, Figure 6.2b, c, d, e, and h) at 0-3 cm depth compared to 3-7.5 cm regardless of
treatment level. At 0-3 cm depth, Olsen P increased by 8%, 13% and 18% at 2, 5 and 10t ha™ compared
0t ha. Likewise, resin P increased by 6%, 17% and 16%. Further, microbial biomass P increased by
20%, 37% and 38% at 2, 5 and 10 t ha™ compared to 0 t ha™. The KCl-extracted Al increased (p < 0.05,
Figure 6.2f) at 5 and 10 t ha* compared to 0 and 2 t haat 0-3 cm depth, whereas no change was
observed between the treatment levels at 3—7.5 cm depth. The CaCl,-extracted Al was not affected (p

>0.05) by lime at 0—3 cm depth (Figure 6.2g).
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Figure 6.2 Comparison between 0-3 cm and 3-7.5 cm depths, 18 months after lime application, in
terms of: (a) soil pH, (b) Olsen P, (c) resin P, (d) microbial biomass P, (e) Alxa and Alc.c2 as affected
by four different lime treatments. Upper-case letters indicate the significant differences between
lime treatment levels for each depth separately (after Tukey’s HSD test). Lower-case letters indicate
the significant differences between the two depths for each treatment level separately (after
Tukey’s HSD test).
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Absolute enzyme activities were significantly higher at 0-3 cm depth compared to 3—7.5 cm

regardless of enzyme type and/ or treatment level (Figure 6.3).
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Figure 6.3 Comparison between the two depths: 0-3 cm and 3-7.5 cm, 18 months after lime
application, in terms of enzymes activities: (a) acid phosphomonoesterase, (b) alkaline
phosphomonoesterase and (c) phosphodiesterase. Asterisks indicate the level of significance (*p <
0.05, **p < 0.01, ***p <0.001, after two-sample t test) in the difference between the two depth per
treatment level.

By eighteen months post lime application, P dynamics were affected at 0—3 cm (Table 6.2). Labile Pi
increased (p < 0.01) with lime rate increase, while on the contrary labile Po decreased (p < 0.05) with
liming. Moderately labile Pi decreased (p < 0.05) at 10 t ha* only compared to 0 t ha’. Moderately
labile Po decreased by 8%, 16% and 25% at 2, 5 and 10 t ha™, respectively compared to 0 t ha™.
Although the stable P pool was not significantly affected by liming, an increase in stable Po was
observed at 5 and 10 t ha™ compared to 0 t ha-1. Additionally, the amount of residual P accumulated

at 10 t ha™ was higher (p < 0.001) compared to the rest of the treatments.
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Table 6.2 Soil P fractions (mg kg™) at 0-3 cm depth 18 months after lime application. Means (n=3, +
SE) followed by different small letters within a row are significantly different (after Tukey’s HSD test).

Asterisks indicate the level of statistical significance (*p <0.05, **p < 0.01, p < 0.001).

P fractions Lime application rate (t ha) p value#
0 2 5 10

Labile P; 26.7 c 35.1 bc 40.5 ab 46.1a ok

Moderately labile P; 130.3 ab 148.7 a 129.5ab 117.4b *

Stable P; 153.5a 144.2 a 136.1a 158.6 a n.s.

Labile P, 90.6 a 77.7b 67.5¢C 60.5 ¢ *Ex

Moderately labile P, 312.1a 287.2 a 263.4a 233.8a n.s. (0.06)

Stable P, 83.2a 63.3a 125.7 a 101.7 a n.s.

Residual P 211.1b 232.5b 2389b 330.1a *Ex

n.s. not significant

# indicates that p-values show the results of one-way ANOVA

A strong relationship was found between soil pH and soil P fractions, specifically: labile Pi (r?= 0.87, p

< 0.001; Figure 6.4a), residual P (r? = 0.67, p = 0.001; Figure 6.4c) and labile Po (r? = 0.88, p < 0.001;

Figure 6.4b). The latter showed a negative relationship with pH, while the first two ones were positively

related with pH.
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Figure 6.4 Relationship between labile P; (a), labile P, (b) and residual P (c), and soil pH at 0—-3 cm
depth 18 months after lime application.
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The absolute activity of acid phosphomonoesterase, at 0—3 cm depth, decreased slightly (p > 0.05) in
the treated soils compared with the untreated plots (10% was the difference between 0 and 10t ha™,
Figure 6.5a). Similarly, the absolute activity of alkaline phosphomonoesterase was not affected by
liming. However, phosphodiesterase absolute activity increased linearly with lime rate increase being
19%, 25% and 39% higher at 2, 5 and 10 t ha?, respectively compared to 0 t ha™. The specific activities
of phosphomonoesterases were responsive to liming (p < 0.05); they decreased in the presence of

lime, whereas phosphodiesterase specific activity remained unchanged (Figure 6.5b).
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Figure 6.5 Absolute (a) and specific (b) enzyme activities as affected by liming. AcPME: acid
phosphomonoesterase, AIPME: alkaline phosphomonoesterase, PDE: phosphodiesterase. Mean
activities (n = 3 1 SE) with different lower-case letters are significantly different (p < 0.05 after
Tukey’s HSD test) for each enzyme separately.

At 0-3 cm depth, microbial biomass P was strongly and positively related to soil pH (r? = 0.66, p < 0.05;
Figure 6.6a), labile P; (r?= 0.73, p < 0.01; Figure 6.6b), total C (r?= 0.61, p < 0.01; Figure 6.6c) and
anaerobic mineralizable N (r?=0.73, p < 0.001; Figure 6.6d). The relationships between microbial P and
enzyme absolute activities were enzyme-type dependent; microbial P was strongly and positively
related with alkaline phosphomonoesterase (r?= 0.7, p <0.001; Figure 6.7b) and phosphodiesterase (r?
= 0.65, p < 0.01; Figure 6.7c). Contrarily, a week relationship was found between microbial biomass P

and acid phosphomonoesterase (r?= 0.22, p = 0.12; Figure 6.7a).
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Figure 6.6 Relationship between microbial biomass P and: (a) soil pH, (b) labile P;, (c) total C and (d)
anaerobic mineralizable N in the 0-3 cm depth 18 months after lime application.
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18 month after lime application. AcPME: acid phosphomonoesterase, AIPME: alkaline
phosphomonoesterase and PDE: phosphodiesterase.
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6.3.3 Multivariate analysis at 0-3 cm depth

Most soil variables showed positive loadings within the first component which explained 85% of the
variability in labile P; (Figure 6.8). The absolute activity of phosphodiesterase showed the highest
degree of co-variance with labile P; with a positive loading of 0.26 compared to 0.20 and 0.05 for acid
and alkaline phosphomonoesterases, respectively. Also, phosphodiesterase was the only enzyme
which significantly affected labile Pi. A clear co-variance was also revealed between soil pH, microbial
P, residual P, and labile Pi. Moreover, total C, anaerobic mineralizable N and resin P showed a high
degree of co-variance with microbial P (Closely grouped loadings). Furthermore, moderately labile P;
was the only P fraction that was closely varied with exchangeable Al (Alcaciz). Specific activity of

phosphomonoesterases showed a negative correlation with labile P;, while positively correlated with

labile Po.
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Figure 6.8 Loading plot of PLS regression including all P-related properties at 0-3 cm depth 18 months
after lime application. Red circles mark soil variables with significant effect on labile P;, according to
Martens' Uncertainty test based on full cross-validation. TN: total N; AMN: anaerobic mineralizable
N; TC: total C; SM: soil moisture; MBP: microbial biomass P; M. labile P; or P,: moderately labile P; or
P,; AcPME: acid phosphomonoesterase; AIPME: alkaline phosphomonoesterase; PDE:
phosphodiesterase; Alkc: KCl-extracted Al, Alcac2: CaCl-extracted Al.

6.4 Discussion

The downward movement of surface applied lime is slow due to its low solubility (Hendrie et al., 2018;
Li et al., 2019a; Moir and Moot, 2014) . Therefore, when monitoring soil pH change after liming and its
impact on other soil properties (e.g., P biochemistry), sampling depth is an important factor to
consider. In our study, at 0—7.5 cm depth, soil bioavailable P, microbial P, and enzyme activities did not
respond to liming for 18 months. This could be explained by the fact that liming effects on soil P and

biochemical activities were limited to a shallower depth. We report evidence that pH and P-related
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processes did not change at the 3—7.5 cm depth with lime rate increase. In contrast, soil pH and P
availability increased with liming at 0-3 cm depth. Moreover, P availability, microbial P, and enzyme
activities were significantly higher at 0-3 cm depth compared to 3-7.5 cm regardless of lime
treatment. This may be explained by the in-depth decline in soil carbon and moisture availability for
microbiological activity (Achat et al., 2012; Fierer et al., 2003); total carbon was two-fold lower in the
second depth across all lime treatments and moisture content (overall average: 33% at 0—3 cm versus

22% at 3—7.5 cm, p < 0.001).

Given that liming effects on soil pH were limited to the top 3 cm, we decided to further investigate P
chemistry within this shallow layer; the sequential P fractionation revealed that increasing lime rate
from 0 to 10 t ha which corresponded to an increase of soil pH from 5.4 to 7.0, increased plant-
available P; (labile P;) by 42%. Although an increase in plant-available P; following liming has also been
reported previously by Condron and Goh (1990); Condron et al. (1993), this is the first time that such
a large difference is observed in the short-term. This could be attributed to two different mechanisms:
(1) desorption of the historically applied P when pH increased and/or a decrease in P sorption due to
an increase in soil negative charges as pH increases, thus less attractive to phosphate anions (Barrow
et al., 2020b; Penn and Camberato, 2019) which could have increased the extractability of P. This view
corroborates Simonsson et al. (2018) who conducted desorption experiments on soils obtained from
long-term field experiments that have received lime and P fertilizer for 50-76 years. They concluded
that liming had a positive effect on the solubility of P added as fertilizer. However, in our study, the
decrease in moderately labile P;, which is assumed to represent the fraction of P; chemically absorbed
to surfaces of Al and Fe oxides (Cross and Schlesinger, 1995), was lower than the observed increase in
labile P;. This leads to the second possible mechanism (2) which is the mineralization of organic P as
evidenced by the resulted decrease in labile P, (- 33%) and moderately labile P, (- 25%) fractions when
soil pH increased from 5.4 to 7.0. This agrees with some previous studies (Condron and Goh, 1990;
Condron et al., 1993; Halstead et al., 1963). In contrast, Simonsson et al. (2018) found that liming had
no effect on P, pool; however, they analysed total P, instead of P, fractions using ignition method
which is unlikely to detect differences in small P, pools such as labile P,. Obviously, microbial activity
increases at higher pH (Fuentes et al., 2006; Kemmitt et al., 2006). This is supported by the strong
relationship found between microbial P and pH. Nonetheless, microbial P was also strongly and
positively related to total soil C and anaerobic mineralizable N in our soils. This implies that in addition
to its direct effects through pH, liming could indirectly increase soil microbial activity and subsequently
organic P mineralization via carbon supply. However, lime effects on soil C stocks are disputable
(Paradelo et al., 2015; Vazquez et al., 2019). Although the pasture response to liming was not measured
in our study, the average pasture dry biomass (an annual DM accumulation at the site) at the start of

the experiment was 3 t ha! across all plots, composed of 98% grasses and 2% weeds and naturalized
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clovers. This annual pasture yield compares well to values measured on the same farm by Maxwell et
al. (2016). Moreover, liming has been reported to increase grass production in multiple field trials
throughout New Zealand (Morton, 2020). Whereas only few naturalized legume species (e.g., Trifolium
striatum) showed positive response to lime at the same site used in this study and showed low nutrient

requirement for optimum growth (Maxwell et al., 2012; Maxwell et al., 2016).

The resulted increase (+ 36%) in residual P with liming (0 versus 10t ha) could be because of a greater
organic matter inputs from pasture residues at 0—3 cm depth. This agrees with the findings of Neto et
al. (2021). Furthermore, the resulting increase in stable P; (+ 3.2%) and stable P, (+ 18.2%) could be due
to the formation of Ca-P compounds. In summary, our study demonstrates that liming strongly affects
P dynamics in the historically fertilized soils and consequently increases bioavailable P (Olsen P) being
equivalent to fertilizer P input of 8.3-20 kg P ha to the surface 3 cm, within a range of 2-10 t ha* of
lime. This result does not agree with the hypothesis suggested recently by Hendrie et al. (2021). The
authors investigated the relationship between soil pH and P fractions in 19 extensively farmed soils
without being treated with lime and contended that liming is unlikely to increase soil P availability. The
pH (water) range of all their soils was narrow (4.7-5.5) which is unlikely to accurately predict the
relationship in question. Perhaps it would be better to explore whether P chemistry in these soils would
be affected by liming. The results of P fractionations analysis in our study agrees with Hendrie et al.
(2021), Chen et al. (2003) and McLaren et al. (2020) showing that past fertilizer P inputs to grassland
soils accumulates mainly as moderately labile P,. This P fraction was affected by liming in our study
because we measured a 78.3 mg P kg of soil reduction in this P fraction when soil pH increased from
5.4 to 7.0. This amount is almost four times the observed increment in labile P;. This suggest that the
rest of the depleted moderately labile P, has either being used by pasture and removed off site as
animal nutrient transfer in dung (Haynes and Williams, 1993), or transformed into more recalcitrant

forms of soil P. More research is required to fully explain these soil P dynamics.

Anaerobic mineralizable N does not only give a quick and precise estimate of N supply from soil to
pastures (Reussi Calvo et al., 2018; Sainz Rozas et al., 2008), it is also a good indicator of soil organic
matter accumulation (Garcia et al., 2021; Garcia et al., 2020) . This is in line with the strong relationship
found between total C and anaerobic mineralizable N (r = 0.85, p < 0.001) in our soils, as such, soil
organic matter content might have been increased especially at 5 and 10 t ha-1 where anaerobic
mineralizable N was 13% and 18% higher compared to 0 t ha* being an equivalent input of 62 and 88
kg of N ha! to the surface 3 cm. Moreover, liming has been found to increase microbial biomass N
(Soon and Arshad, 2005). Also, anaerobic Mineralizable N has been shown to be strongly correlated
with microbial biomass N (r=0.91, p < 0.001) according to Stockdale and Rees (1994).This implies that
the turnover of the microbial N could also have contributed to increasing mineralizable N in our limed

soils. On the other hand, legume residue is known to be highly mineralizable compared to grasses
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(Soon et al., 2007). For instance, Soon et al. (2001) found that wheat N uptake and net N mineralization
were higher following legume (red clover) residues compared with wheat residues. This suggests that
liming could have enhanced the growth and establishment of naturalized adventive clovers in the
experimental site. However, this has not been possible to assess through observation because of the
dominance of grass at our trial site. Hence the necessity of examining and monitoring the botanical

composition in the experimental further at this site.

Our study demonstrates that specific enzyme activities per unit of microbial biomass P were more
sensitive to liming than absolute enzyme activities, specifically for phosphomonoesterases. This could
be due to an alteration in soil microbial composition. For instance, the pH optima for bacterial
phosphatases is higher than that of fungus (Tabatabai, 1994; Turner and Haygarth, 2005). Moreover,
Waldrop et al. (2000) found that specific enzyme activity is more closely related to compositional
changes in soil microbial communities than total enzyme activity. On the other hand,
phosphodiesterase specific activities were not affected by liming, but with a linear increase in absolute
activities. This indicates that phosphodiesterase activity and microbial biomass increased at the same
rate with liming, suggesting that phosphodiesterase was mostly originated from soil microorganisms,
especially bacteria and actinomycetes which are more abundant at neutral soil pH (Turner and
Haygarth, 2005). Using multivariate analysis of PLS regression, absolute activity of phosphodiesterase
associated positively and significantly labile P; concentration in our soils. This confirms the earlier
suggestion of Turner and Haygarth (2005) that phosphodiesterase is the rate-limiting step in P,
mineralization. This is also additional evidence to support our hypothesis that at least part of labile P;
was sourced from P, mineralization. On the other hand, specific activities of phosphomonoesterases
showed a negative and significant correlation (AcPME: r = 0.89, p < 0.001; AIPME: r = 0.80, p = 0.001)
with labile P; which implies a repressive effect of higher P; availability on the release of
phosphomonoesterases (Gatiboni et al., 2021; Nannipieri et al., 2011). In summary, our findings
suggest that liming could change the relative role of phosphatases and that the reduction of acid
phosphomonoesterase being the dominant enzyme in acid soils may not necessarily affect labile and
moderately labile P, mineralization. To further understand liming impacts on P cycling, a
characterization of organic P in the present soil is required, because the strong positive correlation
found between phosphodiesterase and microbial P (r = 0.81, p < 0.001) indicates that the increased
phosphodiesterase absolute activity with pH could have been mediated by the substrate (diester P)

loading due to microbial cells death.
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6.5 Conclusions

This study suggests, for the first time, that the enzyme activity per unit of microbial P may be a suitable
indicator for detecting the effect of management practices (e.g., liming) on the influence of microbial
biomass changes on phosphatase activities and subsequently P, mineralization. We suggest that the
assessment of liming effects on soil P in the field, at least in the short- term, to be at near surface depth
(0-3 cm) to avoid a dilution effect, especially in a dry environment such as New Zealand high country
where low soil moisture could significantly affect lime solubility and movement down the soil profile.
This study demonstrates that liming could increase soil P availability via labile and moderately labile P,
mineralization in grasslands under field conditions. However, additional field research is required for

a range of soils with contrasting acidities and P fertilities.
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Chapter 7

General Discussion, Conclusions and Future Research

7.1 General discussion

Legumes play critical dual roles in grazed grassland ecosystems; providing nitrogen inputs and high-
quality feed for grazing livestock. However, the establishment and persistence of legumes in NZ hill
and high country are restricted by several soil-related factors such as low soil pH, high exchangeable
Al concentrations and low P and S fertility (Hendrie et al., 2021; Maxwell et al., 2016; Moir et al., 2016;
Morton, 2020; Whitley et al., 2019). Also, the economics of the aerial application of lime and fertilizer
to hilly topography has contributed to restraining pastoral farming in these typical dry environments
(Craighead, 2005; Edmeades et al., 1985) which play a significant role in the NZ meat and wool industry
(Moot et al., 2009; Morris and Kenyon, 2014). Therefore, the application of lime and nutrients is key
to sustainable hill country farm systems in New Zealand. In this context, we studied the possibility of
utilizing phosphogypsum (PG) as an alternative cheap soil conditioner, which could be used to
simultaneously improve soil S & P fertility and alleviate Al toxicity. Comparing PG with soluble fertilizer
(PS) using two NZ hill and high-country brown soils (from Glenmore and Molesworth Stations), growing
lucerne (Medicago sativa) as an indicator crop, demonstrated the fertilizing potential of PG for P and
S-deficient acid soils (Chapter 2). For instance, soil P availability increased linearly with PG rate increase
in a comparatively similar way as PS fertilizer (Bouray et al., 2020). This indicates the high solubility of
total P contained in PG materials and its ability to be easily released into the soil and therefore be
available to the plants in the same manner as soluble fertilizers; an application rate of 1, 3, and 9 t ha"
1 of PG is equivalent to a fertilizer P inputs of 5.4, 16.2 and 48.6 kg P ha™’. However, this study showed
that increasing soil P alone is not enough because no substantial change was observed in lucerne P
uptake with increasing PG and PS rate increase unless they were combined with lime. This finding
highlighted (1) the key role of soil pH in controlling P acquisition by legumes and (2) the necessity of
examining the effects of soil pH change using lime on soil P-related processes. Hence, we decided to
further investigate the relationship between pH and P availability/uptake by legumes from different

perspectives in the following Chapters (4 and 5, and 6).

Another key finding in Chapter 2 was that PG reduced soil exchangeable Al when applied at low rates
only (1-3t hal). Several interpretations and explanations were given in this regard, however, analysing
soil exchangeable Al alone was not enough to reveal the mechanisms involved. Moreover, the
extractable-Al methods are known to solubilize Al from plant-unavailable fractions and provide a
potentially misleading indication of Al toxicity status (Marques et al., 2002; Percival et al., 1996).

Moreover, the ratio of Ca:Al in soil solution is also important as high Ca in the presence of high Al allows
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root elongation to continue (Cunha et al., 2018). Further, Al phytotoxicity is better assessed by the
concentration of free AI** cation in the soil solution rather than the exchangeable Al soil extraction by
CaCl; (Martins et al., 2020; Miotto et al., 2020). Therefore, a separate experiment (Chapter 3) was
necessary to understand the effects of PG on Al species distribution in the soil solution and elucidate
the mechanism involved in controlling Al activity. In Chapter 3, we used the two soils previously planted
with lucerne (Chapter 2) and another two soils (from Molesworth and Lindis Peaks Stations) treated
with the same PG rates (0, 1, 3, and 9 t ha') and incubated (unplanted) in the laboratory for 60 days.
Al speciation was estimated using a geochemical Model (Visual Minteq, Martins et al. (2020); Miotto
et al. (2020)). Although we have used different soils (different exchangeable Al concentrations) either
planted or incubated and treated with different PG rates, again pH was found to play a major role in
controlling Al solubility via AI-OH forms and minerals (amorphous Al (OH); and gibbsite). Indeed, PG
has been proven to significantly reduce AI** in the soil solution (especially in the high Al soils such as
Molesworth), but only when 1-3 t ha* were used; higher application rates (above 3 t ha') should be
avoided as this would further acidify the soil releasing Al into the soil solution. So, at moderate
application rates, PG supplied sufficient amounts of calcium to displace Al from soil solid phases into
the solution where free AI** is complexed mainly by SO4%> and F’, then transformed into non-phytotoxic
forms (Al-SO4 and Al-F, MaclLean et al. (1992); Tanaka et al. (1987)) as evidenced by the resulting
positive impact of Al-F on TDM vyield of lucerne in our study. However, this disagrees with the finding
of Manoharan et al. (2007), in a glasshouse experiment, they found that high concentrations of Al-F
complexes had restricted barley root growth at pH< 5. Another mechanism by which PG seemed to
restrict Al activity in the soil solution was through precipitation reactions (e.g., alunite formation).
Importantly, at 1-3 t ha, PG effects on soil pH were generally minimal. This indicates that PG could be
used safely for fertilization purposes on moderately acidic soil if used at moderate rates. However,
according to Alves et al. (2021), applying PG to soils with low CEC and low subsurface acidity may
induce Mg deficiency and therefore affect the yield. Overall, our results demonstrate that PG could
contribute to resolving two of the soil constraints in NZ hill and high-country: P & S fertility and Al
toxicity. However, PG cannot be used as an alternative for lime and/or chemical fertilizers, but it can

be used in combination with lime and/or as a fertilizer supplement.

Mixing PG with lime would come up with an alternative product superior to lime alone or PG alone
(Carmeis Filho et al., 2017; Lauricella et al., 2021), a product that would adjust pH, ameliorate soil P
and S fertility, and reduce Al concentration all at once. Therefore, we recommend conducting long-
term field experiments on a range of NZ acid soils with contrasting Al toxicities to evaluate different
lime-PG blends (formulated and tested in advance in the laboratory and by using controlled
experiments) in terms of soil fertility improvement and Al toxicity alleviation. Furthermore, this

strategy of material blending could also help to increase the solubility of lime and thereafter its
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movement down the soil profile. This would in turn help mitigating the subsoil acidity which is a serious
threat in NZ acid soils (Whitley et al., 2019). Blending PG with lime would likely allow neutralizing of
some of the impurities that PG could contain. However, further research is required to assess the
impact of PG utilization in agriculture especially in terms of heavy metals accumulation and
radioactivity. Hence, some specific application guidelines need to be established for the agricultural

utilization of PG (Chernysh et al., 2021; Wang, 2020).

Chapters 2 and 3 stressed the importance of pH as the “master variable” of NZ hill and high-country
soil chemistry due to its profound impact on countless chemical reactions involving essential plant
nutrients (e.g., phosphorus) and phytotoxic elements (e.g., aluminium). We hypothesized that
adjusting soil pH to the biological optimum (5.8-6.3, Edmeades et al. (2016)) using lime could be the
key to ensure the persistence of legumes (either naturalized or sown ones) in NZ hill and high pasture
swards. For instance, Whitley (2018) demonstrated that liming reduces soil exchangeable Al efficiently
to below toxic concentrations (3 mg kg?) in a range of NZ hill and high country soils. The relationship

between pH and exchangeable Al in these soils is illustrated in Figure 7.1.
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Figure 7.1 Relationship between increasing soil Al with decreasing soil pH for 116 soil samples across
13 hill and high Country farms in New Zealand (Whitley et al., 2016) including in investigated ones
in the present research (MO: Molesworth, GM: Glenmore, LP: Lindis Peaks and MG: Mt Grand).

However, less is known about how liming could affect P availability in these soils. Martin-Hendrie
(2019) conducted a P fractionation study on 19 hill and high-country soils. He found that only a small

proportion (7.2£0.45%) of P contained in these soils is bioavailable, while moderately available P;
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represents 13.3+0.91% and moderately labile P, accounts for 45.2+1.74% of total P. Providing that (1)
moderately labile P is assumed to represent Al and Fe bound P and that (2) organic P represents the
dominant share in total P in these soils, we hypothesized that liming could enhance P availability via
two different processes: (1) desorption of P from soil adsorbing surfaces, in particular, Al oxides and
hydroxides as a result of soil pH increase following liming, and (2) organic P mineralization as a result
of higher microbiological activity at higher pH and then a more active rhizosphere zone where plant P
acquisition is effectively determined. In this context, we decided to conduct three different
experiments at different scales: a glasshouse pot experiment (Chapter 4), a rhizobox experiment
(Chapter 5), and a field experiment (Chapter 6). In these experiments, we focused mainly on one soil
which is Mt Grand soil (denoted as MG in Figure 7.1) collected from a long-term (60 years+) permanent
fertilized pasture in a South Island hill country farm, central Otago. We have used lupins (Lupinus
angustifolius and Lupinus polyphyllus) as bio-indicators of P availability, they were selected because of
their capabilities to mobilize P from less available P pools, they are also known to have an active
rhizosphere (Lambers and Teste, 2013; Pearse et al., 2006) which would allow seeing responses to
environmental changes such as pH change in the short-term. Additional evidence of selecting lupins is
their successful establishment in NZ hill and high country soils, specifically Russell lupin (Lupinus
polyphyllus) (Black et al., 2014; Hendrie et al., 2018; Moot and Pollock, 2014; Ryan-Salter et al., 2014,
Scott, 2014). Interestingly, all three experiments were consistent in showing that lime-induced pH
elevation increases P availability in the Mt Grand soil. For instance, in the pot experiment, labile P;in
the rhizosphere of blue and Russell lupins increased by 8% and 15%, respectively, when pH increased
from 5.3 to 6.0 after 11 weeks of plant growth. Further, in the field experiment, labile P; increased by
42% eighteen months post lime application, which corresponded to an increase of pH from 5.4 to 7.0.
These results were partly due to the mineralization of P,, in particular labile P, which decreased by 33%
at pH 7.0 compared to pH 5.4. In the field experiment, a decrease in moderately labile P, has also been
observed; it decreased by 25% when soil pH increased from 5.4 to 7.0. These results disagree with
Simonsson et al. (2018) who contended that liming did not affect total P, pool using ignition method
which does not give details about different P, fraction in the soil and could underestimate changes in

small P, pool such as labile P, fraction.

Phosphorus desorption could also have contributed to increasing soil P availability in our studies
following lime application. This view is supported to some extent by the resulted decrease in
moderately labile P; (assumed to represent Al/Fe oxide bound P, Cross and Schlesinger (1995)),
especially in the field samples at pH 7.0 compared to pH 5.4. Also, the strong negative correlations
found between labile P; and exchangeable Al in the rhizosphere of both lupins (pot experiment)
support the role of desorption processes. However, the present research is mostly focused on

examining how P biochemical processes could enhance P bioavailability via liming. Thus, the
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contribution of P desorption reactions requires further research to be distinguished from that of
biological/biochemical processes. Phosphorus immobilization by soil microbes (microbial biomass P)
was also found to increase linearly with liming in both field and pot experiments (Chapters 4 and 6).
The stable P pool was less affected by liming, while residual P increases with liming. However, efforts
must be deployed to identify the origins of residual P accumulation; it could have resulted from organic

matter residue input and/or P, accumulation or P precipitation due to high Ca supply.

The P, mineralization in our soils could be related to the observed increase in microbial activity at
higher soil pH (Pietri and Brookes, 2008; Robson and Abbott, 1989). It could also be associated with
the additional release in the phosphodiesterase enzyme. The opposite trends observed between
phosphodiesterase and phosphomonoesterases in response to liming suggest that lime possibility
changed the relative role of phosphatases. It could also be due to a change in P, nature; more
phosphodiesters could be sourced from microbial cell death which in turn could mediate additional
production of phosphodiesterase. However, to verify this hypothesis, a characterization study of P, in
this soil is necessary using advanced techniques such as NMR and X-ray spectroscopy. Further, our field
trial results suggest that specific activity (enzyme activity per unit of microbial P) is more sensitive to
liming than the absolute activity (or total activity). Therefore, we recommend using specific activity as
an indicator to evaluate the impact of management practice such as liming on the influence of

microbial biomass changes on phosphatase activities and subsequently P, mineralization.

Another key finding from Chapters 4 and 5 is that increasing pH above 6.0 negatively affects blue lupin
growth and P uptake due to the alteration of root traits, especially (1) the reduction of organic anions
exudation and (2) fine root length reduction. These two traits were found to be highly correlated with
P uptake of blue lupin. Specific root length (SRL) of blue lupin increased by 14% with soil pH increase
to 6.3 in Mt Grand soil, whereas in Millers Flat soils it decreased by 13% with soil pH increase to 6.3.
These coincided with an increase (+ 24%) and a decrease (- 42%) in P availability in Mt Grand and
Millers flat bulk soils, respectively. These results agree with Haling et al. (2018) who found that SRL of
five cultivars of Trifolium subterranean was reduced in low P soils. Similarly, Jeffery et al. (2016) found
that SRL of six cultivars of Trifolium subterraneum increased with P supply (Figure 7.2). Although this
is inconsistent with many other previous studies conducted on legumes (Hill et al., 2006; Pang et al.,
2010a), the authors contended that this response was due to the constrained canopy spread of micro-
swards of Trifolium subterraneum (leffery et al., 2017). Furthermore, in our study blue lupin canopy
has not been constrained (we only had one plant per rhizobox, and the shoots were allowed to expand
beyond the confines of the rhizobox), an increase in SRL has been observed in Mt Grand soil where P
availability increased after liming. Interestingly, in Millers Flat soil, SRL was higher (p < 0.05) compared
to Mt Grand, but it was not reflected in terms of P uptake. Therefore, the benefits of SRL in terms of

additional P uptake are still a matter of debate (Robles-Aguilar et al., 2019; Zobel et al., 2007). Russell
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lupin growth and P uptake were found to be unresponsive to liming. This indicates that such species
are mostly adapted to low pH environments like the hill and high country. However, more
investigations are needed to further understand the mechanisms by which these lupin species adapt
to low P soils. We have seen that P dynamics in the rhizosphere of both species were relatively similar—
both species were able to mobilize some P— however, shoot P content was below the optimum range
of 2.7-3.7 mg kg* suggested by Scanlan (2015) for blue lupin < 80 days. This suggests that P fertilizer
application rather than liming is likely to facilitate the establishment of Russell lupin in the hill and high
country. For the first time, it has been found that the ability of blue lupin to acquire more P compared
to Russell lupin was mainly associated with its higher exudation of organic anions. However, a time-

dependent study is required to confirm this including different plant growth stages.
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Figure 7.2 Effect of six levels of soil phosphorus (P) application (0, 3.47, 8.07, 16.15, 32.3, 60 mg P kg
soil™*) on root morphological traits of six cultivars of Trifolium subterraneum grown for six weeks in
limited-P soil using pots (Jeffery et al., 2016).

In Chapter 5, contrarily to Mt Grand soil, we found that P availability (DGT-P) in Millers Flat soil
decreased with liming. This was likely due to the high lime rate applied (13 t ha; over-liming problems)
to raise pH from 4.7 to 6.3. Also, the chemical properties of such a soil had likely contributed because
it contains a very high concentration of exchangeable Alcaci; (32 mg kg) and a medium-high P retention

(52%). This result suggests that more work is required to understand P chemistry in this typical soil

137



under a gradual increase in lime rates. Moreover, we recommend that similar work done in this PhD
research be extended for the rest of NZ hill and high-country soils to identify in which areas liming
would likely improve P availability. It is also worthwhile to mention that some of our results do not
agree with a recent study conducted by Hendrie et al. (2021). The authors contended that liming is
unlikely to increase P availability in NZ hill and high country. However, their conclusion has been based
on a narrow pH (water) range (4.7-5.5) from 19 soils, which is unlikely to accurately judge lime-induced
pH changes effect on P chemistry. Also, the study in question did not use lime or any other treatments

to modify pH; they only used the initial soil pH.

7.2 General conclusions and future research

To conclude, this PhD project demonstrates that the use of PG on acid soils is possible. It can be used
as a fertilizer supplement (mainly for S, and P depending on the amount used). It can also be used as
lime complement to rectify subsoil acidity. However, it is recommended to avoid using high PG rates
on acid soil (pH< 5.5) as this would likely acidify the soil and thereafter increase the bioavailability of
Al, it could also cause some nutrient imbalances especially Mg deficiency. Therefore, for a sustainable
use of PG on acid soil and agriculture in general, guidelines must be established taking into
consideration the potential risks that PG impurities might have. Moreover, a specific application
recommendation method needs to be developed for NZ acid soils. Additionally, this project has
demonstrated that liming enhances the mobilization of historically applied P as much of this unutilized
P fertilizer has been fixed by Al/Fe metal oxides into less available P forms. This finding could bring a
significant economic benefit to NZ high country farmers. It could also contribute to increasing P use
efficiency and therefore managing P resources sustainably. However, the amount of lime to be applied
must take into consideration the optimum pH for legumes because the present study showed that
lupins for example are more adapted to moderately to slightly acidic soil pH (5.5-6.0). it has been also

found that over-liming could negatively affect P availability in some soils (e.g., Millers Flat).

For future research considerations, it is highlighted that:

e Continued long-term monitoring of our field experiment for examinations of liming effects on P,
dynamics and its characterization is necessary taking into consideration the field variability of soil
test measures. Further research is also required to investigate how liming will affect P availability
in the rest of NZ South Island hill and high-country soils. Furthermore, liming impact on soil C stocks
is not clear. Further research is needed this way, seeing the importance of C in mediating several

P-related processes.

e Some other grassland species have been shown to be very efficient soil P foragers, in acid low-

fertility soils e.g., the grass ‘browntop’ (Agrostis capillaris). This merits investigation using a time-
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dependent study of seedling development. Moreover, more emphasis on the role of root
morphological and physiological (organic anions) traits in P mobilization from acid P-deficient soils
is needed for both grasses and legumes, in particular naturalized, adventive clover species
(suckling, haresfoot, striated, and cluster) which have shown an interesting adaption to low pH and
P-deficient high-country environments. Also, the interaction effects of P and Al on legumes’ (non-
cluster root lupins and lucerne) P nutrition and acquisition are poorly understood because both P
deficiency and Al toxicity could act simultaneously, but it is difficult to distinguish which one is

prevailing.

The role of organic anions in P acquisition by legumes is still poorly understood, a similar thing is
true for their involvements in Al detoxification. Also, the current methods of organic anions
sampling and analysis have limitations. So, the development of new methods/approaches is
solicited such as the use of DGT for an in-situ sampling of citrate (Tiziani et al., 2020). High-
resolution imaging techniques (see Chapter 5), if coupled together to visualize P, organic anions,
Al (all the three using DGT), enzymes (zymography), and pH (planar optode) in the rhizosphere
could bring valuable insights and expand our current understanding of the interaction between

soil acidity, P, and plant/microbes processes in the rhizosphere.

Aluminium chemistry in the hill and high-country soils is still poorly understood, additional
speciation studies (using NMR spectroscopy and modelling (e.g.,, WHAM)) are necessary. The
relationships between Al species and legumes (such as lucerne, clovers, and lupins) growth should

also be established.

The Olsen P method underestimates P availability in certain limed soils. However, it is not clear if
this is due to the method artifacts (formation of Ca-P compounds due to higher pH (8.5) and high
Ca supply from lime) or to the intrinsic soil properties? Resin P and DGT P could probably be an

alternative, however, this requires calibration work to be conducted across a large range of soils.

Radiological characterization of phosphogypsum and the assessment of heavy metal accumulation
in the soil using the existing long-term experiments is needed (some countries have used PG in

agriculture for long-time such as Brazil and they can be used as experimental platforms).
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Appendix A

Supporting Information for Chapter 2
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Figure A.1 Lime addition effect on overall average root dry matter (DM) accumulated under each soil
(MO and GM indicate Molesworth and Glenmore soils, respectively). Error bars are standard errors
(% SE, n = 28), Asterisks indicate the significance of two-sample t-test at 5% for liming (2 t ha') effect
compared to no lime conditions (0 t ha) (* p <0.05, ** p <0.01, *** p <0.001).

Table A.1 The amounts of P removed by the plant (mg P kg! of soil) after six months of
phosphogypsum, soluble fertilizer and lime application (2 t ha) to two different soils (Glenmore and
Molesworth). Within columns, means followed by the same lower-case letter are not significantly
different (Dunnett test at 5%). Within rows, means were compared using a two-sample t-test at 5%.

Glenmore Molesworth p value

Control 22.2 7.1a *EX
Phosphogypsum 19.5 11.4b *EX
Soluble Fertilizer 23.3 9.5a *
p value n.s. *

Asterisks indicate significant effect levels (*p < 0.05, **p < 0.01, ***p < 0.001), n.s. not significant.
Only the amounts of P removed under liming were reported in this table because in the absence of
lime the collected quantities of plant herbage were not sufficient to run the ICP analysis (less than
0.2 g).
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Appendix B

Supporting Information for Chapter 3

Table B.1 The separation of Al species into different Al fractions.

Al fraction Al species included

Al-OH AIOH,*, AIOH; (aq), AIOH4, ALOH>*, Al;0H,™,
AIOH,*

Al-F AIFZ, AIF,*, AlFs (aq), AlFs

Al-SO,4 Al (SO4)7, AlISO4*

Al-PO4 ALPO,*, AIHPO,*

Al-DOM weakly bounded Al to DOM, Al bound to

carboxylic and phenolic groups

Table B.2 Average saturation index (S, n = 4) per treatment level and per soil for each mineral phase.

Soil

Soil rate F()Sha'l) amorphous Alunite Céy;;t;sl:Lr;e Diaspore
Al(OH)3
0 0.04 2.15 0.59 1.45
Molesworth 1 -0.67 1.60 -0.12 0.74
(incubated) 3 -0.28 4.08 0.33 1.20
9 -0.24 4.83 0.31 1.18
0 0.32 3.81 0.89 1.74
Molesworth 1 -0.11 3.85 0.44 1.31
(planted) 3 -0.65 3.84 -0.10 0.77
9 -1.04 3.33 -0.50 0.38
0 0.56 2.69 1.10 1.97
Glenmore 1 -0.40 2.20 0.15 1.01
(Planted) 3 -0.72 2.34 -0.17 0.70
9 -1.01 2.64 -0.45 0.42
0 -1.09 -2.78 -0.54 0.32
Lindis Peaks 1 -1.32 -1.25 -0.77 0.10
(incubated) 3 -1.30 -0.30 -0.74 0.13
9 -1.41 0.16 -0.86 0.01

Sl were calculated in visual MINTEQ according to Sl= log (IAP/Keq), IAP denotes the ion activity
product and Keq is the equilibrium constant of the solid phase.

At equilibrium the Sl value equals 0 and Sl < 0 or SI >0 denotes undersaturation or oversaturation,
respectively.
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Table B.3 Multiple regression analysis results (Coded Coefficients).

Term Coef SE Coef t-Value p-Value VIF
Constant 1.437 0.124 11.56 0.000

AP -0.971  0.177 -5.47 0.000 1.97
Al-F 1.384 0.183 7.56 0.000 2.10

Al-DOC 0.860 0.132 6.49 0.000 1.10
VIF variance inflation factor, SE standard error.
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Appendix C

Supporting Information for Chapter 4

Table C.1 Regression standarized coefficients

Term Coef SE Coef t-value p-value VIF

Constant 1.3424 0.0843 15.92 0.000

TOAs 0.4592 0.0877 5.23 0.000 1.0
VIF variance inflation factor
SE standard error
TOAs total organic anions
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Figure C.1 Soil pH in the rhizosphere of L.angustifolius and L.polyphyllus at the end of the
experiment as affected by soil pH increase from 5.3 to 6.0 through liming, after a growth period of
11 weeks. Lowe-case letters indicate the difference between the two species per soil pH level.
Upper-case letters indicate the difference between the two pH levels per species, according to a two-
sample t-test at 5%.
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Table C.2 Shoot Al uptake (mg pot™ + SE) and shoot Al concentration (mg kg + SE) of L. angustifolius
and L. polyphyllus after a growth period of 11 weeks in an acid grassland soil under two different
soil pH conditions.

L. angustifolius L. polyphyllus p-value
Shoot Al content (mg pot?)
pH5.3 0.24+0.03 0.29+0.08 0.548 n.s.
pH 6.0 0.32+0.11 0.35+0.07 0.808 n.s.
p value 0.470 n.s. 0.126 n.s.
Shoot Al concentration (mg kg?)
pH5.3 0.20+0.03 0.40+0.06 0.059 n.s.
pH 6.0 0.23+0.07 0.53+0.07 0.037
p value 0.699 n.s. 0.232 n.s.

n.s. not significant.

Table C.3 Pearson correlations between shoot Al concentrations (g kg) and organic anions
concentrations (UM g root DM) for L. angustifolius and L. polyphyllus separately across two
different soil pH levels (5.3 and 6.0).

Citrate Malate Malonate Acetate Pyruvate Fumarate Succinate TOAs

L. angustifolius  0.56™  0.89" 0.56™* 0.13"* 0.80* 0.30™* -0.32"  0.80*

L. polyphyllus  -0.01" 0.66™  0.28"s  0.1"s  0.39"s  0.20" na.  0.25"

** and * indicate the level of significance (**p < 0.01 and *p < 0.05), n.s. not significant, n.a. not applicable,
TOAs total organic anion
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Appendix D

Supporting Information for Chapter 5

Preparation steps for DGT assembly used for labile P imaging sampling in our study:

The DGT binding gel was cut on a clean and acid washed chopping board with a razor blade to
the size of region of interest (ROI).

Cut a 10 um-thin nucleopore membrane (0.2 um pore size) to a size that extends the gel size
by > 0.5 cm at each side and place it on the chopping board beside the binding gel,

Grab the gel from the two upper corners with the forceps and place it on the nucleopore
membrane, apply some DI water to facilitate the handling of the gel on the top of the
membrane,

Eliminate excess water with tissue paper.

Prepare the acetate plastic paper (acid washed), its size should be larger (by 1 cm at each side)
than the nucleopore membrane,

Grab the membrane and gel together from the edges and place them on the acetate plastic
paper.

Carefully fix the membrane along all four edges on the acetate paper using vinyl electrical tape,
this step is critical as it is irreversible.

Root-soil |
interface

An example of DGT assembly deployed on root-
soil interface. The roots were drawn on the top
layer (acetate plastic paper) to facilitate the
determination of their location on the gel after
deployment.

Tape
(green)

| Acetate
paper

Recommendations :

While taping, avoid creating air bubbles between the gel and the membrane, the bubbles can
be chassed to the edges which were not taped yet.

It is preferable to place a piece of tape in one of the corners (upper left corner for example),
this will help in identifying easily in which position and direction the gel was deployed.

The DGT gels are generally deployed for 20-24 hours. It is recommended to place a piece of
tissue paper on the gel once deployed to chasse air bubbles which might be created between
the soil-root interface and the nucleopore membrane. Air bubbles must be minimized as they
affect the diffusion and therefore the labile P extracted and its distribution on the gel.
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e Once the deployment time is over, take a picture of your DGT gel while it is still on the soil-
root interface, then harvest your DGT gel and wash off gently the soil with distilled water. The
final step depends on which method you are intending to use to analyze your gels, if you are
using the staining method (our case) you will have to recuperate your gel by cutting off the tap
using a razor blade and then proceed for coloration according to Ding et al. (2013) If you are
using the LA-ICP-MS method, then you will have to follow another procedure described by
Hummel et al. (2021); Santner et al. (2012).

250 -
) - E
2 200 A y = 2.13x + 33.92 -
E R®=0.94 e
I
S04 .
> &
2
S 100 A PO
E &
3 50 { &
Q ok
0 : , , . |
0 20 40 60 80 100

Phosphatase activity (pmol mm-=2 h-')

Figure D.1 Zymography calibration line, red triangles are the average of three replicates (n = 3) and
error bars represent the standard error.
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Figure D.2 Phosphorus calibration line, the blue dots are the average of three replicates (n = 3) and
error bars represent the standard deviation.
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Root DM

Shoot DM 0.95***

Shoot P conc. 0.81*** 0.87***

Shoot P uptake 0.88*** 0.95*** 0.97***

Root total length 0.96*** 0.95*** 0.77*** 0.86***

SRL-0.87***-0.79*** -0.70 -0.73 -0.78

Root SA 0.98*** 0.94*** 0.77*** 0.86*** 0.96***-0.87***

Root diameter 0.01 -0.10 -0.10 -0.10 -0.12 -0.25 0.13

Fine root length 0.79*** 0.87*** 0.89*** 0.91*** 0.84*** -0.63** 0.79*** -0.23

Thick root length 0.94*** 0.83*** 0.74*** 0.76*** 0.85***-0.87*** 0.93*** 0.24 0.65***

TOAs 0.79*** 0.80*** 0.89*** 0.90*** 0.74*** -0.60* 0.72** -0.16 0.76*** 0.68**

pH (rhizosphere) 0.02 -0.1 -0.29 -0.25 0.02 -0.2 0.15 0.65*** -0.23 0.21 -0.45

Exch. Al (rhizosphere) -0.78***-0.73** -0.55* -0.63* -0.75** 0.82** -0.85*** -0.47 -0.55* -0.82*** -0.51 -0.50

DGT-P (bulk soil) -0.57* -0.57* -0.38 -0.51* -0.65** 0.49 -0.67** -0.36 -0.50* -0.51 -0.46 -0.31 0.74**

Root DM

Shoot DM

Shoot P conc.
Shoot P uptake
Root total length
SRL

Root SA

Root diameter
Fine root length
Thick root length
TOAs

pH (rhizosphere)
DGT-P (bulk soil)

Exch. Al (rhizosphere)

Figure D.3 Pearson's correlation between root morphological traits, total organic anions (TOAs),
rhizosphere acidity (pH and exchangeable Al), shoot P uptake/P concentration, and available P in
the bulk soil (DGT-P). Asterisks indicate the statistical significance (*p < 0.05, **p < 0.01, ***p <
0.001).
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Figure D.4 Bulk and rhizosphere pHuater Of two contrasting soils (different acidities and P fertilities:
Mt Grand and Millers Flat) after 5 weeks growth of Lupinus angustifolius. Bars show the mean (+ SE)
of 4 replicates. Lower-case letters indicate significant differences (p < 0.05 after two-sample t-test)
between the two pHs within each soil (Mt Grand: pH 5.3 and 6.3, Millers Flat: pH 4.7 and 6.3) forbulk
and rhizosphere soils separately. Capital letters indicate significant differences (p < 0.05 after two-
sample t-test) between bulk and rhizosphere soils per pH condition.
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Figure D.5 Bulk soil acid phosphatase activities (a) and P fluxes (b) in Mt Grand and Millers Flat soils
under two different pHs per soil. Marks (x) inside boxes: means of n= 30-40 squares (3x3 mm) for
acid phosphatase and n = 15-20 squares (3x3 mm) for P flux. Circles: individual measurements.
Asterisks: significant differences (***p < 0.001 after two-sample t-test) between the two soil pHs,
n.s.: not significant.
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Table D.1 Nutrient concentration in Lupinus angustifolius shoots as affected by soil pH increase.
Asterisks indicate the statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001), n.s. not significant.

Mt Grand soil Millers Flat soil

pH 5.3 pH 6.3 p-value pH 4.7 pH 6.3 p-value
gkg!
N 0.29+0.01 0.48+0.01 Hokk 0.44+0.02 0.5910.04 *
K 15.73+0.30 11.44+0.05 *Ax 16.98+0.86 12.33+0.37 *E
Ca 13.54+0.41 23.89+1.08 *Ax 3.0610.39 15.40+0.97 *Ak
Mg 5.84+0.19 4.08+0.06 *Ax 3.8110.28 3.2510.14 n.s.
Na 0.43+0.11 0.31+0.11 n.s. 0.57+0.06 0. 59+0.09 n.s.
S 2.32+0.11 2.2510.06 n.s. 2.10£0.22 2.4010.46 *E
mg kg?
Mn 1867.31+76.00 948.71+54.00 *** 373.79+28.00 33.7815.60 *Ak
Zn 115.49+10.00 36.25+3.00 *Ax 110.72+4.00  33.07+2.20 *Ak
Cu 10.33+0.46 5.30+0.31 *Ax 5.5010.16 5.3510.29 n.s.
Mo 0.90+0.08 0.80+0.09 n.s. 0.56+0.07 0.61+0.03 n.s.
Fe 209.66+16 204.63116 n.s. 450.92+29.00 355.19+22.00 *
B 54.94+7.00 36.71+9.80 n.s. 75.4615.00 41.79+7.70 *x
Al 54.8316.50 40.79+7.70 n.s. 116.05+40.00 80.55+17.00 n.s

Table D.2 Multiple regression results: standardized coefficients.

Term Coef SE Coef t-value p-value VIF
Constant 1.3373 0.0622 21.50 0.000
Rhizosphere pH -0.585 0.114 -5.12 0.000 3.13

Rhizosphere exchangeable Al -0.742 0.132
Fine root (@ < 0.5 mm) length  0.480  0.119

-5.61  0.000 4.19
405 0.002 3.38

VIF variance inflation factor, SE standard error

Multiple regression equation in standardized coefficient

Shoot P uptake = 1.34 — 0.585 (rhizosphere pH)- 0.742 (rhizosphere exchangeable Al) + 0.480 (fine

root length) (D.1)
N =16, adj r*=95.8%, p < 0.001
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Table D.3 Normalized P mobilization extent (extent of P mobilization divided by root radius) in the
rhizosphere of Lupinus angustifolius grown in Mt Grand soil at two different pHs (pH 5.3 and pH 6.3),
the difference in the normalized P mobilization extent between the two pHs was not significant (p
> 0.05) according to a two sample t-test (indicated by lower case letter “a"’).

Root Nb Mt Grand, pH 5.3 Mt Grand, pH 6.3
P- Root Normalized P - Root Normalized
mobilization radius P- mobilization radius P-
extent (mm) mobilization extent (mm) mobilization
(mm) extent (mm) extent
1 0.38 0.34 1.12 0.59 0.45 1.31
2 0.26 0.30 0.87 0.59 0.40 1.47
3 0.30 0.30 1.00 0.38 0.43 0.89
Average 0.31 0.31 1.00 2 0.52 0.43 1.21 2
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Appendix E Statistical Outcomes

Chapter 2

Table E.1 Three way-ANOVA analysis showing the statstical significance of the main effects of three
factors: soil type, PG rate and lime rate, and their interactions on soil pH, Olsen P, echangeable Al
and plant P and S uptakes.

pHcaci2 PHuwater Olsen P Exch. Al  Puptake S uptake

Soil (factor 1) n.s. n.s. *kx *kx *kk *kk
PG rate (factor 2) n.s. Hokk Hokk Hokk n.s. HokE
Lime rate (factor 3) Hokk Hokk Hokk n.s. n.a. n.a.
SoilxPG rate n.s. * n.s. n.s. n.s. n.s.
SoilxLime rate n.s. n.s. * n.s. n.a. n.a
PG ratexLime rate n.s. n.s. n.s. n.s. n.a. n.a
SoilxPG ratexLime rate  * n.s. n.s. n.s. n.a. n.a

Asterisks indicate the level of statistical significance (*p <0.05, **p < 0.01, ***p< 0.001); n.s. = not
significant; n.a. = not applicable; PG = phosphogypsum; Exch. Al = exchangeable aluminium

N.B. For P and S uptakes, only two factors (1 and 2) and their interactions were considered (a two-way
ANOVA was carried out in this case). Lime rate (factor 3) and its interactions with other factors were
eliminated in this case because the shoot DM yields accumulated in the absence of lime (0 t ha) were
very small (less than the required quantity for ICP analysis specifically in Molesworth soil) hence the
use of “n.a.”” abbreviation.

Table E.2 Three way-ANOVA analysis showing the statstical significance of the main effects of three
factors: soil type, PS rate and lime rate, and their interactions on soil pH, Olsen P, echangeable Al
and plant P and S uptakes.

pPHcaci2 PHuwater OlsenP  Exch. Al  Puptake Suptake

Soil (factor 1) n.s. n.s. Rk o Hokk Rk
PS rate (factor 2) *ok n.s. Hokk n.s n.s. *kE
Lime rate (factor 3) *kx *EX *Ex *k n.a. n.a.
SoilxPG rate n.s. n.s. n.s. n.s. n.s. n.s.
SoilxLime rate * n.s. * n.s. n.a. n.a
PG ratexLime rate n.s. n.s. n.s. n.s. n.a. n.a
SoilxPG ratexLime rate  n.s. n.s. n.s. n.s. n.a. n.a

Asterisks indicate the level of statistical significance (*p<0.05, **p< 0.01, ***p< 0.001); n.s. = not
significant; n.a. = not applicable; PS = P and S soluble fertilizer; Exch. Al = exchangeable aluminium
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Chapter 3

Table E.3 One-way ANOVA analysis showing the statistical significance of the effect of
phosphogypsum application rate on the attributes of four soils separately.

Lindis
Molesworth Molesworth Glenmore Peaks
lanted incubated lanted .
(p ) ( )b ) (incubated)
Soil solution attributes
pH * % n.s. * % * %
lonic strength n.s. *Ex Hokx kX
DOC n.s. n.s. * n.s.
CaZ+ % %k %k * %k EX 33 %k k
Mg2+ n.s. * %k *k %k %k k
K* n.s. * n.s. *kk
Na+ n.s. * 3k % %k * %k %k
Zn? n.s. n.s. ok ok ok ok
A|3+ * %k % %k %k * 3k kK
NOs *x *kk n.s. n.s.
5042- % %k %k % %k %k * %k k 3k kK
PO43- % %k %k n.s. % %k 3k kK
F- % %k %k * %k % %k * %k %k
cl n.s. n.s. n.s. n.s.
Soil solid phase attributes
prater n.s. * % % * * % %
pHcaciz ok ook n.s. *
AIKCl * %k % %k %k n.s. % %k
Alcaciz n.s. ko n.s. n.s.
Total N n.s. n.s. n.s. n.s.
Total C n.s. n.s. n.s. n.s.
Exchangeable H* ok ok n.s. n.s.
Aluminum saturation *okk n.s. n.s. *k
Olsen P * *okk n.s. ¥k
Aluminium species in the soil solution
A|3+ * % %k %k * %k % %k k
Al-OH * *okk n.s. *k
AI_SO4 * %k % %k %k * %k %k * %k %k
AI_F * %k % %k %k * %k * %k %k
Al-PO4 * n.s. n.s. *k
Al-DOM n.s. ** *k *
Total dissolved Al *x *kx n.s. ok

Asterisks indicate the level of statistical significance (*p<0.05, **p< 0.01, ***p< 0.001);

n.s. = not significant
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Chapter 4

Table E.4 Two-way ANOVA analysis showing the statistical significance of the main effects of two

fators (species and soil pH level) and their interaction on plant and soil properties

Species pH SpeciesxpH
Shoot yield kK n.s. n.s.
Root yield *ok n.s. n.s.
Root:shoot
ratio n.s. n.s. n.s.
Shoot P XX ns. n.s.
uptake
Rhizosphere soil
Exchangeable - kK s
Al (KCl) s
AcPME kK *ok n.s.
AIPME kK * n.s.
PDE * ok n.s.
TOAs ok n.s. n.s.
Microbial P ok Rk n.s.
Labile P; ok Rk n.s.
Labile P, ok Rk n.s.
Moderately
Labile P, n.s. n.s. n.s.
Moderately
Labile P, * n.s. n.s.
Stable P; n.s. * n.s.
Stable P, *Ekx *EX n.s.
Residual P n.s. n.s. *
Bulk soil
iTC(EEBgeable n.s. *EX n.s.
Labile P; *k ok n.s.
Labile P, *Ex *EX n.s.
Moderately
Labile P, *Ex n.s. n.s.
Moderately s s s
Labile P, - e e
Stable P; n.s. n.s. n.s.
Stable P, * n.s. n.s.
Residual P n.s. n.s. n.s.

Asterisks indicate the level of statistical significance (*p< 0.05, **p< 0.01, ***p< 0.001); n.s. = not
significant; TOAs = Total organic anions; AcPME = Acid phosphomonoesterase; AIPME = Alkaline
phosphomonoesterase; PDE = Phosphodiesterase
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Chapter 5

Table E.5 Two-way ANOVA analysis showing the statistical significance of the main effects of two
fators (soil and pH level) on plant and soil properties

Soil pH SoilxpH

Shoot yield ok * n.a.
Shoot P concentration Hokx * n.a.
Shoot P uptake ok * n.a.
Root yield *EX O nus. n.a.
Root morphological traits

Total root length *¥*E O nus. n.a.
Root surface area Hokx ok n.a.
Average root diameter * ok n.a.
Specific root length * n.s. n.a.
Fine root length *k * n.a.
Thick root length kK *ok n.a.
Total organic anions o ok n.a.
Exchangeable Al n.a.
Bulk soil REE Ak n.a.
Rhizosphere soil ARk Hkx n.a.
pH n.a.
Bulk soil n.s.  k¥* n.a.
Rhizosphere soil n.s.  k¥* n.a.

n.a. = not applicable because the interaction cannot be estimated in this case providing that the two

soils have different initial pH values (pH 5.3 versus pH 4.7).
Asterisks indicate the level of statistical significance (¥*p<0.05, **p< 0.01, p< 0.001); n.s. = not

significant
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Chapter 6

Table E.6 One-way ANOVA analysis showing the effect of lime rate (0, 2, 5 and 10 t ha) on soil

properties at 0-3 cm depth

Lime treatment

Soil pH Hokk
Olsen P n.s.
Resin P n.s.
AMN n.s.
MBP n.s.
Exchangeable Al (KCl) *
Exchangeable Al (CaCl,) n.s.
Total C n.s.
Absolute activity

AcPME n.s.
AIPME n.s.
PDE n.s.
Specific activity

AcPME *
AIPME *
PDE n.s.

Asterisks indicate the level of statistical significance (*p< 0.05, **p< 0.01, ***p< 0.001); n.s. = not
significant; AcPME = Acid phosphomonoesterase; AIPME = Alkaline phosphomonoesterase; PDE =
Phosphodiesterase; MBP = Microbial biomass phosphorus; ANM = Anaerobic mineralizable nitrogen
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