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Abstract

With the advent of phosphorus (P)-adsorbent materials and techniques to address
eutrophication in aquatic systems there is a need to develop interpretive techniques to rapidly
assess changes in potential nutrient limitation. In a trial application of the P-adsorbent,
lanthanum-modified bentonite (LMB) to an impounded section of the Canning River,
Western Australia, a combination of potential P, nitrogen (N) and silicon (Si) nutrient

limitation diagrams based on dissolved molar nutrient ratios and actual dissolved nutrient
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concentrations have been used to interpret tritdomoes. Application of LMB resulted in

rapid and effective removal of filterable reactive(FRP) from the water column and also
effectively intercepted FRP released from bottordireents until the advent of a major
unseasonal flood event. A shift from potential hitation to potential P-limitation also

occurred in surface waters. In the absence of ddwtors, the reduction in FRP was likely to
be sufficient to induce actual nutrient limitatioh phytoplankton growth. The outcomes of
this experiment underpins the concept that, whessiple in the short-term, in managing
eutrophication the focus should not be on the ingitnutrient under eutrophic conditions

(here N), but the one that can be made limitingtmagsidly and cost-effectively (P).

Highlights
Application of lanthanum-modified bentonite (LMB)sulted in rapid P reduction
Phosphorus generated from bottom sediments efédgtintercepted

Application of LMB may induce P-limitation with rpsct to algal growth
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nutrient limitation, lanthanum-modified bentonite
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1. Introduction

The interception of the nutrients phosphorus (R)ogen (N), and silicon (Si) derived from
bottom sediments (e.g. Spears et al., 2008; Aral.e2012; Anthony and Lewis, 2012, Zhu
et al, 2012) concurrent with, or even long aftex tkeduction of external nutrient loading,
constitutes a major on-going challenge in the mament of eutrophic aquatic systems. In
the quest to better manage internal loading ofientls in freshwater aquatic systems, novel
P-adsorbent materials such as lanthanum-modifiedobge (LMB) have been developed

(Douglas et al., 1999; Douglas patent, Douglas.e2@04; Robb et al., 2003).

Since its development and commercialisation, LMB baen applied to over 200 aquatic
systems internationally. Varying degrees of sucdesge been achieved related to the
efficient manufacture and application of the LMBlaulation of effective dose rates, and
hence longevity (Meis et al., 2013), and confougdeffects due to factors such as on-going

external nutrient inputs (LUrling and Van Oosteith@2012; Copetti et al, this issue).

One of the key questions still to be addressedhatfield scale, to date, is whether P-
limitation of the phytoplankton is created or enteohfollowing LMB application? This type

of independent assessment relies primarily on tagatofs, that of changes in the relative
molar ratios of the three key nutrients, N, P andaBd also the absolute dissolved
concentrations of these nutrients that occur asaltrof the application of LMB (e.g. Justic

et al, 1995a, b). While phytoplankton nutrient itetion bioassays may also address the
guestion of potential nutrient limitation, and arensidered a powerful adjunct to the
approach presented here, they are generally timsuoang and expensive and may also
constitute an imperfect assessment tool. Altereftithe use of nutrient ratios constitutes a
rapid assessment tool with higher frequency detecdnd analysis leading to the generation
of close to real-time data over large spatial scale an attempt to better understand the

effects of the application of LMB on changes ingydial for nutrient limitation in freshwater
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aguatic systems, we have re-examined the resultgedirst intensively monitored major trial
of LMB that occurred in the Canning River in Westéustralia in 2000 (Douglas et al.,
2001). The methods applied here can be readihsteared to the analysis of changes in
potential nutrient limitation in other freshwatequatic systems where LMB or other P-

absorptive material have been applied.

2. Methods

2.1.Trial location

The Canning River located in urban Perth, Westarstrlia, is seasonally impounded by the
use of a removable weir to maintain water in itsl nai upper sections (see Robb et al., 2003
for location). An upstream water supply resenamd riparian water abstraction results in
little to no flow upstream of the weir during therpd of impoundment (October—May).
Water depths for 2 km behind the weir generallygeafrom 1 to 3 m and up to 5 m. The
Canning River in the region of the LMB applicatiosm mainly fresh due to substantial
freshwater inputs during winter. During summer wa&mperatures may reach 26 C at the
bottom and 29 C at the surface. Thermal stratibcaleads to sustained hypoxic and
sometimes anoxic conditions that may lead to rehsaltion of a substantial nutrient

inventory contained within the bottom sediments.

2.2.Sampling and monitoring

An extensive monitoring program was establishedtfe LMB trial with water samples
collected from surface and bottom waters for anslg$ filterable reactive P (FRP), total
nitrogen (TN), dissolved inorganic nitrogen (DINNOX, + NHz, where NQ = NO; + NG,),
total P (TP), silicate (Si©Si), dissolved organic carbon (DOC) and chlorophgl
concentrations. Analysis of samples were performecbrding to American Public Health

Association Standards (APHA, 1998). Measurements pbysical variables such as
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temperature, conductivity, pH and dissolved oxy{e®) were taken with Hydrolab multi-
probe sondes. Data on FRP, DIN and S8Dfrom the Canning River trial of LMB in 2000 is

contained in Douglas et al, (2001) and is plotted dme series over the 136 days of the trial.
2.3. Application of Lanthanum Modified Bentonite (LMB)

A total of 20 tonnes of LMB was applied on day 8tloé trial in early January 2000 as a
slurry to the surface of the water column over 8 40 section of the Canning River and
allowed to settle to form a thin reactive cappirigadheoretical 1 mm in thickness on the
bottom sediments. The LMB-treated section was séparfrom an upstream Control section
using partially submerged canvas curtains. Thag®ios were designed primarily to restrict
bottom water exchange between the sections whibsvialg boat access through a central
portion submerged approximately 0.5m below therrsegface. A second 5 tonne quantity of
LMB was applied in late April 2000 (day 114). Th®IB was applied in linear sections via
spray heads mounted on a boom at the rear of thedfter dilution with Canning River

water in a manifold to dilute to ea. 10% w/w solids concentration. The LMB remained
suspended in the water column between spray rumgtittding a marker for subsequent runs
which were overlapped by approximately 1m to allfmw lateral dispersion of the LMB

suspension between individual applications.

Only a narrow range of surface and bottom pH oecliin the Control surface (6.8-7.7) and
bottom (6.6-7.5) and LMB-treated surface (6.9-a8)l bottom (6.6-7.6) waters throughout
the duration of the field trial. Following applicat of the LMB, pH varied by <0.1 to 0.3 pH
units in the surface and bottom waters, respegtivelative to the Control section. Transient
changes in Secchi depth from approximately 0.9 ® rh in the Control section to
approximately 0.2 to 0.8 m in the LMB-treated sactoccurred for 1-2 days following LMB

application. Chlorophyll-a concentrations were &y low in surface waters in both the
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Control and LMB-treated sections, (range both 83@qug L}, mean 12 + 8 and 12 + 9 pg'L

respectively) throughout the period of the trial.
2.4. Analysis of potential nutrient l[imitation

The analysis of potential nutrient limitation agalihere are based on those developed by
Justic et al., (1995 a, b) in a study of changegsoitential nutrient limitation in the Adriatic
Sea and Trommer et al., (2013) in a study of alN&ttantic coastal ecosystem. Briefly,
dissolved nutrient (DIN, FRP, Sjbi) data have been converted to molar ratios dmitied

in binary diagrams separated into quadrants usimgs lof nutrient ratios based on the
Redfield ratio (C:N:Si:P = 106:16:15:1). A quadrasignifying a potential for nutrient

limitation has been designated using P, N or Si.

3. Results

3.1.Canning River hydrology

The LMB trial was characterised by the occurrenteumseasonal rainfall and resultant
increased river flow soon after application on 8affrigure 1). This unseasonal rainfall and
flow fifteen days into the trial and only eight dagfter LMB application introduced an added
complexity into the trial monitoring. On this badilse trial was divided up into five sections:
Pre-LMB application (days 1 to 7), Post-LMB apptioa (days 8 to 16), Flood flow (days 17
to 48), Post flood (days 49 to 112) and Flow ressufdays 113 to 139). These sections are
depicted in Figure 1 and are used in the analyst discussion of potential nutrient

limitation.
3.2.Filterable reactive P concentrations

Average concentrations of FRP in the bottom watesughout the trial ranged from below
detection limits (<0.005 mg1) to maxima ofca. 0.1 mg L* in the LMB sections. In the

Control section bottom water FRP concentrationgedrfrom 0.02 to 0.2 mg YL(Figure 2a).
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In the eight days immediately prior to the applimatof LMB, average FRP concentrations in
bottom waters at each section were approximatéy g L*. Upon the application of LMB
on day 8, average bottom water FRP concentratienbnéd to below detection limits in all

sections (Figure 2a).

With the onset of increased flow after rainfall day 18 average bottom water FRP
concentrations increased with the greatest incrigatbee Control section. After the main flow
on day 25 and during the subsequent period of tddvllow, FRP concentrations in the
LMB-treated section intermittently exceeded thathaf Control section. After day 53, bottom
water FRP concentrations in the LMB-treated sectimo remained at or below that of the
Control section until the advent of three substmainfall/flow events (peak flow on days
115, 123 and 136) late in the trial. These flowrggeesulted in displacement of water in the

LMB-treated section by water from the Control sectiurther upstream.

Average FRP concentrations in surface waters disdlaa similar temporal pattern and
concentration range to that of the bottom wateiguié 2a). The only substantial difference
between the surface and bottom waters was the tsinedus, large increase in average FRP
concentrations in all sections during the smalbdcevent that commenced on day 15, one
day after the completion of the LMB application.eks&ge FRP concentrations in the surface
waters ranged from below detection limits in the Ritteated sections to maximaa. 0.16

mg L in the LMB-treated section and betweem 0.01 and 0.17 mgtin the Control
section. All surface water FRP maxima occurredutiameously on day 18 during a higher

flow event.
3.3. Dissolved Inorganic Nitrogen (DIN = NH3 + NO,): Dissolved NH3 concentrations

Average surface water NHoncentrations ranged betweem 0.0 - 0.5 mg [* over the

period of the Canning River trial (Figure 2b). Theghest average surface water
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concentrations occurred in the LMB-treated sectlonng the period of application of the
LMB. Thereafter surface water concentrations wanailar between the LMB-treated and
Control sections and were generally in the rang@.@5-0.1 mg . These periods of lower
NH3; concentrations in the surface waters were, howepanctuated by higher NH

concentrations ofa. 0.10-0.15 mg ! which had a close temporal relationship to periofds

rainfall/increased flow and low dissolved oxygemoentrations in the trial area.

Average bottom water NHconcentrations were in general approximately tavthtee times
higher than average surface water concentratioigsir@-2b). Average Nficoncentrations
in the LMB-treated section attained a maximum cafregion ofca. 1.1 mg ! on day 24

before rapidly declining to average concentratiosisw 0.2 mg [* (Figure 2b).

As in the surface waters, high average bottom wisltéds concentrations were in general

associated either with periods of low DO concerdret and/or periods of rainfall/increased

flow. Short periods of increased Nidoncentration in the LMB-treated section corresjgah

to either a sharp decline in DO concentratieqg.(day 73) and/or periods of increased flow
later in the field trial. Furthermore, the high BEoncentrations also corresponded to the
period of initially higher bottom water salinity wadh was present prior to the commencement

of the trial and continued until the first rainfélbw event.

3.4. Dissolved Inorganic Nitrogen (DIN = NH3 + NO,): Oxidised nitrogen (NOx= NOs-N

+ NOz-N)

Average concentrations of oxidised nitrogen (N@isplayed similar patterns in both surface
and bottom waters, although maximum concentratiorgurface waters were generally 2-3
times higher than in bottom waters (Figure 2b).ioPto and immediately after the
application of the LMB there was little change weege NQ concentration relative to the

Control section with all average concentrations (6®.02 mg [Y). During the flow events
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with maxima on day 19 and 25, N®@oncentrations increased to approximately 0.5 Mg L

(Figure 2b).

After the major flow event which peaked on day a@%erage NQ concentrations remained
low until a major increase in average concentraborday 101 in the LMB-treated section
relative to the Control section which only increhsmarginally. In surface waters, the
average concentration was. 0.45 mg L' in the LMB-treated section (Figure 2b).
Correspondingly, a similar pattern of average,Nd@Gncentrations occurred in bottom waters,
albeit higher than the surface waters with maxinagncentrations ofa. 1.6 mg L* in the
LMB-treated section while NQOconcentration in the Control section were lower. 0.05 mg
L%, Figure 2b). These increases in average, N@nhcentrations on day 101 were not
temporally related to increases in flow as in earntieriods of high NQconcentration. There
were substantial corresponding increases, howev&Q concentrations in the LMB-treated

section relative to the Control section during tesiod (Figure 2b).
3.5. Dissolved silica

Average surface water concentrations of S8D declined dramatically in the period
immediately prior to the application of LMB froga. 4.0-7.0 mg [* to ca. 2.0-2.5 mg [*
(Figure 2c). In surface waters immediately aftee application of the LMB there were

similar SiGQ-Si concentrations between the LMB-treated and @bséections.

After the major flood event 25 days into the trialierage dissolved silica concentrations
increased t@a. 5mg L in all sections. Thereafter, dissolved silicaantrations decreased
at all sections untita. day 80 where there were two periods where averageentrations of
dissolved silica were substantially higher in then€ol section than in the LMB-treated

sections. During a later period of the trial ageralissolved silica concentrations in bottom
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waters at the Control section were approximatel4ldigher than in the LMB-treated

section.

Average bottom water concentrations of dissolvéidasdeclined by a similar magnitude to
surface waters (froma. 4.5-6.5mg [* to 2.5-3.0 mg L) in the period immediately prior to
the application of the LMB (Figure, 2c). After digption, however, average dissolved silica
concentrations in the LMB-treated sections werestartially higher until the advent of the
major flood event 25 days into the trial. Theregfaverage dissolved silica concentrations in
bottom waters, with some minor exceptions genedgiglined over the remainder of the trial
in a similar manner to surface waters with conagitns as low as 1.5-2.5 mg'lduring the

latter stages of the field trial (Figure 2c).
3.6. Changesin nutrient ratios following LMB application

A summary of dissolved molar nutrient ratios foNZFRP, Si/FRP and Si/DIN (u 20} for

Control surface and bottom waters and LMB-treatedase and bottom water sections for
the Canning River trial are given in Table 1. Ire tperiod immediately prior to the
application of LMB to the Canning River, both ther@rol and LMB-treated sections show

similar average molar nutrient ratios and standiandations in surface and bottom waters.

Upon the application of LMB, average DIN.FRP maiatios increase from 0.6 £ 0.2 to 141
+ 141 and 4 £ 3to 298 £ 292 in surface and botiaaters respectively. The DIN/FRP ratios,
however, remained similar in the Control surfacd bottom waters. Large increases in the
Si/FRP molar ratio in surface and bottom watersh@ LMB treated section and a large

increase in the Si/FRP molar ratio also occur enliN1B-treated bottom waters.

With the advent of increased flow on day 17, swfand bottom waters in both the Control
and LMB-treated sections become similar again lier duration of increase flows until day

48 (Figure 1, Table 1) signifying complete displaeat of water from both sections. In the
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Post-flood interval from days 49 to 112, and allwath some variation around the average,
DIN/FRP molar ratios are higher in the surface @)tout more notably in the bottom (16 £
35) waters of the LMB-treated section relative be tControl section with similarly low

DIN/FRP molar ratios of 2 + 1 and 3 £ 1 in surfaoed bottom waters respectively. Upon
resumption of flow in day 113 until the terminatiohthe field trial on day 136, a wide range

of average nutrient ratios and variability is evile

4. Discussion

4.1. Key factorsto consider in potential nutrient limitation.

Although a large, unseasonal flood event comproantee intended longevity of the LMB
trial in the Canning River, considerable information changes in nutrient concentrations
and the potential for nutrient limitation of prinyaproduction and changes due to the
application of LMB can be gleaned. In correctltenpreting the nutrient limitation status of
the Canning River trial and changes induced byafiication of LMB, however, two factors

must be considered.

The first is the actual nutrient molar ratios whicltlicates the potential for a nutrient to
become limiting. To this end, bivariate plots oftnent molar ratios facilitate a broad
overview of not only changes induced by the appbecaof the LMB to the Canning River,
but also the potential for shifts in potential menit limitation of phytoplankton in a dynamic

environment that experienced unseasonal flow shaftér LMB application.

The second factor to consider is the absolute emitriconcentrations. Nutrient ratios,
particularly those for N and P have been used t&dipr the prevalence of nuisance
cyanobacteria, with a TN:TP of <13 favouring cyaacteria (Smith, 1983). However, the
resulting phytoplankton biomass and species cortipnswill be quite different in a scenario

with TN of 1ug L't and TP 0.jig L™ and a scenario with 10 mg N'land 1 mg P t; both
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having equal N:P ratio of 10. This latter point d@es important where nutrient limitation
may be indicated based on molar ratios, but whereractical terms prevailing nutrient
concentrations may be sufficient to support themginoof substantial phytoplankton biomass
until the supply of one or more nutrients is exbhedsand effectively becomes limiting. On
this basis, limiting nutrients concentrations of FFR ~3 pg [* (0.1 uM), DIN < 14 pg L
(1.0 uM) and Si < 56 ugt (2.0 pM) have been selected as documented incJestl
(19954, b) as indicative of likely nutrient limit@ in the absence of other critical factors that
may influence phytoplankton biomass or species amitipn such as light or micronutrient
limitation. The complex interplay between absolnotgrient concentrations, nutrient species
and ratios remains a subject of considerable resdarg. Hecky and Kilham, 1988; Maberly

et al., 2002; Kolzau et al., 2014).
4.2. Alteration of nutrient limitation status following LMB application

Prior to the application of LMB (Pre-LMB, Figure,3)either potential P- or Si-limitation
was indicated. In contrast, however, surface watgrient ratios indicated the potential for
N-limitation with samples occupying the N-limitatiqquadrant. However, N-limitation was
not indicated for bottom waters. This differencethe potential for N-limitation in the
bottom waters may reflect re-supply of DIN fromemntal loading (Figure 2b) in addition to

the persistence of stratification.

Average DIN concentrations of 20 + 4 pg hnd low DIN/FRP molar nutrient ratios in the
surface waters indicate a likelihood of actual MHation prior to the application of the
LMB. However, the presence of N-fixing cyanobaieterithin the Canning River during
spring and summer may mean that little N-limitatioocurred for these phytoplankton

species.
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Immediately following the application of LMB, a noaj shift to potential P-limitation is
indicated by a shift in nutrient ratios into thdifitation quadrant for the majority of surface
and all bottom waters (Figure 3) with substantimréases in DIN/FRP ratios in the LMB-
treated section relative to the Control sectiorb{@d). Average FRP concentrations in the
surface and bottom waters were reduced from 76 pglO" to 7 pg '+ 4 pg L* and 44 pg

L + 3 pg L' to 6 pg * + 4 pg LY respectively. This corresponds to a reduction of
approximately 91% FRP for both the surface and obottwaters. These reductions
substantially reduced the average FRP concentgtiadicating the potential for actual P-

limitation throughout the entire water column.

As a consequence of the application of LMB and ltkelihood of P-limitation, there is a
substantial shift away from potential N-limitatigkigure 3) that is augmented in bottom
waters in particular by a substantial increase IN Bollowing the application of LMB

(Figure 2b).

The potential for Si-limitation remained similar lioth surface and bottom waters following
the application of LMB. Concurrent shifts are agpdy however, in Si/FRP molar ratios
which move to substantially higher ratios, ofterpraaching an order of magnitude and a
reduction in Si/DIN molar ratios which may decredgea similar extent (Table 1). These
changes reflect the decline in FRP and the increag2iN concentrations, particularly in

bottom waters, that were associated with this appbn of LMB.
4.3. Factors influencing a shift towards P-limitation following LMB application

With the onset of a major, unseasonal flood evemhroencing day 17 and defined as
finishing on day 48 when flows returned to averageing/summer magnitude, complete
displacement of the water column occurred withm tIMB treated section. Hence, changes

in the nutrient concentration and nutrient molaiosareflected the composition of influx
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from the catchment upstream of the trial site. might be expected, a range of FRP, DIN
and Si concentrations and nutrient ratios weregmtesorresponding to different catchment
sources and dilution factors common over a hydmgraNonetheless, only a few samples
reflected the potential for P-limitation, and nofug DIN or Si limitation. In practice,
however, high average FRP concentrations of 47 ig #2 ug L to 54 ug L + 28 pg L in
the surface and bottom waters during this periaticated little likelihood of actual P-
limitation, while increased turbidity and reducedter temperatures would have reduced the

likelihood of substantial phytoplankton biomass.

Upon the cessation of substantial flow and renassaf quiescent conditions within the trial
area, the observed nutrient ratios, particularlytha surface waters assumed a condition
intermediate between those prior to and immediasdtgr the application of the LMB.
Similarly, data indicating the potential for N- aBdlimitation occupied similar areas of the
nutrient limitation plots between pre- and post-LMBplication conditions. Bottom waters,
however, were generally similar to the nutrientusaprior to the application of the LMB
following the cessation of the high rainfall evemhis status may reflect the resumption of
stratification and the (partial) burial or physichsplacement of the LMB during the flood
event. This would allow an unmodified flux of FR& émanate from the bottom sediments,
possibly from recently (re)deposited sediment, lsimto that of pre-LMB application
conditions, re-setting the former nutrient fluxtag& Nonetheless, it is apparent that FRP
concentrations remain lower than observed in theti@bsection of the Canning River trial
(Figure 2a) from day 48 to 112 suggesting that tMB although (partially) buried was

capable of intercepting FRP release from bed sedsrauring this period.

With the resumption of flow on day 113 until thessation of the trial on day 136, nutrient
ratios displayed variability similar to that obsedwvithin the earlier, unseasonal, flood event

again reflecting the diversity of nutrient inputerh the upper catchment. During this period,
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lower absolute nutrient concentrations reflect bib#h source and dilution of nutrient inputs

as described above.
4.4. Wider implications of the Canning River results for the N versus P debate

The results presented in this study are also impoih view of a vexed debate on how to
manage eutrophication. The paradigm of P control nasst effective in managing
eutrophication (Golterman, 1975; Schindler et &Q08; Schindler, 2012) has been
challenged based on nutrient addition experimembsveg that both N and P addition yield
more phytoplankton biomass than single nutrientitemig (e.g. Lewis and Wurtsbaugh,
2008; Xu et al., 2010; Lewis et al., 2011). In dddi, several studies showed that N
limitation is widespread in eutrophic waters, aswse case in Canning River prior to LMB
addition, and this has led to the assumption thahbuld be controlled (e.g. Conley et al.,
2009; Paerl and Otten, 2013; Glibert et al., 20Rderl et al., 2014 Based on the latter
studies, recentlfhe EPA produced a “facts sheet” stating that Wétland P should be
reduced to prevent eutrophication and the prolifenaof harmful algal blooms (EPA, 2015).
The dual limitation paradigm is also supported byeo researchers (e.g. Paerl et al., 2001),
particularly where excessive loading of both P Bindccurs in eutrophic systems. However,
as evidenced from this study some critical commewtsd to be made in relation to the

assertion that N control is needed to manage ehitragon.

It has been claimed thaitn‘controlling excessive algal growth, it is important to know which
element limits the expansion of algal populations when their growth stops because of nutrient
depletion” (Lewis et al., 2011). In the case of the CannRiger this was N, but efficient
methods forin situ immobilisation for N are generally not currentlghgevable in many
systems or rates of in-situ denitrification may bet sufficient. In subsequent years in the
Canning River, however, artificial oxygenation heesen used in a coordinated approach to

induce nitrification-denitrification to reduce watelumn DIN concurrently with other LMB
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applications whilst also maintaining oxygenated dibons less conducive to bottom
sediment P release. Results over the past decgdedsuthat this combined approach may
yield the best outcome in terms of reduced nutsieahd phytoplankton biomass.
Importantly, there are few, if any documented caglesre N reduction, alone, has alleviated
eutrophication in a freshwater ecosystem. In cehtrmany cases have shown that reducing
P, alone, can strongly reduce eutrophication effeatluding the occurrence of harmful algal

blooms (Schindler, 2012).

With respect to our study, there are two importaspects to consider. First, when
eutrophication symptoms appear, the ecosystem Iheesdg generally experienced years of
ongoing nutrient loading and has changed in sugbaw that straightforward diversion of
nutrient inflows will not result in rapid recoveryhich may take decades to centuries
(Sharpley et al., 2014). The legacy inventory oh Bottom sediments causes hysteresis and
delay in recovery that make additional in-lake mwe@s to manage sediment P release
necessary to evoke rapid rehabilitation of eutrogakes and ponds (Cooke et al., 2005).
Secondly, it is evident from Liebig’s law of the mmum that only one element needs to be
controlled to reduce harmful algal blooms; not twotheory, this could be any element, but
in general, only P can be reduced effectively tghotormation of poorly to insoluble salts
with aluminium, calcium, iron, lanthanum or othations. This was postulated over 40 years
ago: ‘1t is not important whether phosphate is currently the limiting factor or not, or even

that it has ever been so; it is the only essential element that can easily be made to limit algal
growth” (Golterman, 1975). The call for dual N and P retthn is founded on an apparent
misinterpretation of the necessity for all nutreetd be present in abundance to support an
algal bloom, but the limitation of only one is nssary to manage and reduce eutrophication

symptoms. The Canning River experiment evidentlpwsdd that a system under N-
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limitation, caused by relative enrichment in P, audfering from persistent algal blooms,

could be brought to P limitation effectively.

The current advice for dual N and P reductions (EP®L5), in practice, means merely an
external load reduction. Controlling external irgpug crucial as is demonstrated from the
rainfall load experienced in the Canning River expent. However, the effective

management of eutrophication can be achieved vathbinations of catchment and in-situ
system measures The application of solid phase rBests, such as the LMB, is not
recommended in open systems with ongoing exteraiemt loading, but seems suited for
lakes and ponds with small, diffuse P loads anddggnventory of labile P stored in the

sediment (Copetti et al., this issue; Spears gtras. issue).

The Canning River LMB experiment indicates that, eveh possible, in managing
eutrophication the focus should not be exclusivaiythe limiting nutrient under eutrophic
conditions (here N), but the one that can be maeui¢iig most rapidly and cost-effectively
(P). This is particularly so in the short-term (eagsingle year) where the reduction in P
concentrations inducted by LMB application may héfisient to substantially reduce
phytoplankton biomass. Nevertheless, in the mediononger term, dual N-P limitation
should be implemented where practical and costciffe These measures should be
implemented such that the effects of the new cagcttmutrient inputs, if not effectively
managed, or the effects of in-situ nutrients detiwga internal loading from bottom

sediments, both of which are capable of suppogimgoplankton growth, are minimised.

5. Conclusions

Interpretation of nutrient ratios and concentragiama trial of lanthanum-modified bentonite

(LMB) in the Canning River, Western Australia hasrbnstrated that:
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» the application of LMB can result in a rapid anfeefive removal of FRP from the
water column and can effectively intercept and wapt-RP released from bottom
sediments;

» a shift from potential N-limitation to potential IPritation occurred due to the
application of LMB;

» following the application of LMB, a reduction in PRwithin the treated section of the
Canning River may have been sufficient to inducetfie absence of other limiting
factors) actual nutrient limitation of phytoplanktgrowth.

* nutrient limitation diagrams constitute a simplel aapid method to interpret changes
in the potential for nutrient limitation of phyt@sikton after the application of P-
absorbent materials.
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Table 1. Summary of nutrient molar ratios in cohénod LMB-treated sections of the Canning Rivealtri

Section/ratio CS DIN/FRP CS SilFRP CS Si/DIN CBNIHRP CB Si/FRP CB Si/DIN
Pre-LMB 1.0+£0.3 108 £ 27 122 £ 54 4+4 122 +40 56 + 36
Post-LMB 22+07 87+12 42 +15 8+10 93 +25 7221
Flood flow 10+£12 128 £ 70 36+34 10+ 10 8341 22 +28
Post flood 31 104 +48 47 £ 27 2+1 67 £ 28 330
Flow resumes 1915 63 + 93 5+8 25+ 22 143 £ 95 9+6
Section/ratio | LMB S DIN/FRFP LMB S Si/FRP | LMB S Si/DIN | LMB B DIN/FRR LMB B Si/FRP | LMB B Si/DIN
Pre-LMB 0.6+0.2 60+ 16 111 +55 4+3 107 + 30 5 1323
Post-LMB 141 + 141 640 + 360 12+12 298 + 292 84802 31
Flood flow 10+11 130 £ 64 31+28 35+ 36 1322 6 11+20
Post flood 6+8 117 + 36 40 + 25 16 £35 110+ 34 29+23
Flow resumes 21 +£25 121 +55 33+39 49 + 53 189+ 32+47

CS = Control Surface

CB = Control Bottom

LMB S = Lanthanum-Modified Bentonite Surface

LMB B = Lanthanum-Modified Bentonite Bottom




Figure Captions

Figure 1. Flow (ML day™) throughout the Canning River LMB trial divided up into five sections: Pre-LMB
application (days 1 to 7), Post-LMB application (days 8 to 16), Flood flow (days 17 to 48), Post flood (days
49 to 112) and Flow resumes (days 113 to 136).

Figure 2 (a) Filterable reactive P (FRP), (b) Dissolved inorganic nitrogen (DIN) and, (c) dissolved silica
concentrations for surface and bottom waters in Control and LM B-treated sections.

Figure 3. Potential nutrient limitation ratio plots. for surface waters (above) and bottom waters (below) for
the Canning River LMB trial. Colours as per Figure 1 for periods: PreLMB , Post-LMB M, Flood flow

, Post flood ", Flow resumes . Symbol size signifies relative nutrient concentrations. The letter for P,
N or Si define quadrants of potential nutrient limitation.
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Figure 2 (a) Filterable reactive P (FRP), (b) Dissolved inorganic nitrogen (DIN) and, (c)
dissolved silica concentrations for surface and bottom waters in Control and LMB-treated
sections.
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Highlights

Application of LMB resulted in rapid reduction of phosphorus
Phosphorus generated from bottom sediments effectively intercepted
Nutrient ratios used to assess changes in potential nutrient limitation
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