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1. Executive Summary

Treatment systems such as constructed wetlandseféiniently removenutrients, and suspended
solidsderived from agricultural land use However, the performance dhese systems relies on
certain conditions such as adequate soil carbon and an established plant and microbial community.
These conditions can only be achieved mahyears after constructionln this study, weassessed

the performance of thredreatment constructal wetlands(CW02 CWO03and Ladscape wetland,

LWO0J in the Tully andMoresbycatchments in the Wet Tropics. We analysed the latest monitoring
period (June 2020 to February 2021) and compared dhanges inthe performance of these
wetlands since constructio(ithe period20192020has been previouslyeported in Adame et al.
2020a).

We compare the concentrations betweem-and outflows of nutrients, including total
ammoniacal(NH-N + NH™-N), nitrate (NGs-N), dissolved inorganic NDIN = NEN + NGs-N),
dissolved organic nitrogefDON, and phosphorus(orthophosphate, OP; total, TP)We also
analysed differences in physicochemical propersash as temperature, conductivity, pH, redox,
turbidity and total suspended solids (TSS).

Our results show that wetlandSWO02and LWO01have consistently and increasingly removed
NGs-N from the water columrreducingconcentrationsby > 90%and 67%, resgctively The site
CWO03hadlow N flows andsporadic DINemovals,detected only during periods of rainfall when
NGs-N andNHs*-N concentrations increaseb 0.1 mg t* and > 0.04 mg1, respectivelyHowever,
CWO03wasa sink of TP, probabbue to sedimentation The reduction oNGs-N concentrations in
CWO02and LWO1wasassociated with a significant decrease in D&% an increase in pHas the
water moved through the wetlandSite CW02also significantly reducetlH;*-N concentrations,
althoughLWO01slightly increased them. BothwW02 and LWO&ere minor sources of DON, probably
due to the productivity of plants and microbé3verall, CWO03was a significant sink of T&hdCW02
and LWO1were sinksof DIN HighestNOs-N removalsin CW02and LWO021occurredduring the
summer months, where concentrations BiOG:-N and temperaturewere highest and DO% and
redoxwere lowest.

Theseresultshave shown thatonstructed treatment wetlands require at least a year to be fully
established and reach their potentifalr removing DINWe estimated thaCWO02removeshetween
1,373 and 1,825 kg of DBVeryyear. This estimation includewsater flow rates and seasonal and
interannual variability of DIN removdbecause CW02 has been consistently efficient at removing
DIN at a relatively low cost, contindenonitoring should be prioritisedor this site. Monitoring
could also include cebendits (e.g. biodiversity)land potential disservices (e.g. nitrous oxide
emissions or fauna traps). Constructed wetlands like Cov¥Q2V01couldsignificantly reduc@®IN
from agricultural activities within the Wet Tropics.



2. Introduction

Nitrogen (N) polition isa global problem that has caused unprecedshtvater qualitydegradation
and is currently surpassing what is considereafe for humanity(Rockstrom et al. 200P The
leaching of excessive fertilisers from agriculture is one ol¢hdingcausef N pollution andhas
resultedin extensive degradation of aquatic systeiii@lkarni et al. 2008Galloway et al. 2003).
Improved landuse practices, such as changes in fertiliser applicajiantities, type, andtiming,
can reduce N leachingdwever, agricultural landsire likely torelease N at times stlkthus,
complementarysolutions to N pollution are required.

Wetlands are known to improve water quality by removing N (Land et al. 261.6bme
regionstheycan be five times more efficient at reducingrate (NOs') loadsthanland management
strategies(Hansen et aJ.2018).The restoration of 5% of wetlandreawithin a catchment could
remove 20 to 50% of its N inputs into the coastal zone (Mitsch.e2Gf)1, Adame et al. 2019).
Globally, here ha beena substantialinvestmentfor constructingartificial wetlandsto decrease
the costs of treating water, improve the condition of waterways, and sustaman health (Jones
et al. 2012). However, few stugli have been conducted in treatment systems of tropitiahates
which havehigh yeafround temperatures, high primary productivjtgnd variablénydrology(e.g.
Adame et al. 2019).

In our previous work with Terrain Natural Resource Managementamadysed the irvs
outflows of the recently constructed wetlands (ZB2020) to determine their efficiency to reduce
N and improve water quality (Adame et al. 2@208). We found that theadequateconditions for N
removal include an establishexicrobial @ YYdzy AG e > a2Aft 2NHIYAO Ol Nb 2
C:N >10and anoxicsoils (-100 to 300 mV). Some of these conditipespeciallyestablishinga
microbial communitycan only be achieved years after construct{@uncan and Groffman 1994)

Here, we continue this analysidoy includingdata from 2@0-2021. The objectivewasto
assess if the efficiency of the wetlands has increased with time. We edtbett as the vegetation
and microbial community establisld, the wetland performanc&ouldimprove.We assessed the
factors we previously identified as key for water quality improvementstiterelevant a yeaafter
construction. Finally, weecommendhow to optimise N reductions and overall water quality
improvement from thesereatment wetlands.

3. Background

TheQueensland Government established the Major Integrated Projects (MiRefluce nutrient
loads into the waterways of the Wet Tropics. Terrain Néddrdinated theseeffortsto create with
landholders orground projects to improve water quality in thdoresbyand Tully catchment. The
project includes the creation ohtee treatmentwetlands(Fig. 1)



Constructed Wetland 2G@W03: a wetlandwithin the Moresby Catchmendf 1.6hathat drains 15
ha of sugarcanéwetland: catchmenbf 0.11) The site haa high potential for denitrificationasit

has soil rich in carbof2%C, 0.1 %NC:N of 17and receive®N Qs concentrations > 0.1 mig! (Adame
et al. 202®). Site CWO02was constructedin December 201%nd removednitrate (NQ™-N) three

months after construction.

Constructed Wetland 3G@WO03: a constructed treatment wetland within the Tully catchment with
an area of 1.2 haargeting37 ha of banana plantationsvetland catchmentof 0.03).This site had
intermediate potential for denitrification due to loMGOs-N concentrations(< 0.1 mg £), low soil
redox (-99 mV)and low C:N (1,11.7% C, 0.2%)Nrhis site was constructed in February 2@t
hashad a variable performancéor N removal with better removal after rainfall events when O
concentrations increaseThis site is efficient at removingtotal suspended solid{TSS)and
phosphorus (P).

Landscape Wetland (LW)a large (8.5 ha) constructed wetlartiat targets 38 ha of mixed
agricultural usgwetland: catchment of 0.02) the Tully catchmentWO01has high potential for
denitrification due to its peat soils with high organic carb®%(C0.3% NC:N of 34 and highiNGs

-N concentrations > 0.25 mg'L(Adame et al. 2020a,b)his site has shown consisteNOs-N
removal since its constructigbut alsoexport ofdissolved organic nitrogen (DON) and occasignal
NHs*, especiallyafter rainfall eventsThe site has a series of channels to allow for fish passage and
deeper ponds that provide habitat for reptiles and fish species

.“* . T

Figure 1Treatmentwetlandsin the Tully and Moresby catchment within the Wet Tropmsnstructed
wetland 2 CWO03, constructed wetland 3qQW03 and landscape wetland.{\v0J.



4. Methodology

Water sampling was conducted by Terrain NRM betwedr,C\W02 was sampled 3 times, CW03
was sample®4times, and_WO01was sampled 8times.Oneinlet point was sampled focW02and

CWO03 and two idets were sampled foLWO01(Fig.2). Groundwater was assessed througfater

extracted from bores with a piezometer. The CW02 wetland is mostly groundwatefed;

consequently, surface and groundwater samples werduded as inflowsWe compared the
differences in itet-outlet from the recent monitoring period to our last analyseghich included
samplingsince 2019Adame et al2019a)

We included in our analyses the following parameters: pH, redox (mV), dissolved oxygen (DO%),
electrical conductivityECuS cml), turbidity €NJ), N (total ammoniacal [N#N + NH:i*-N]; nitrate,

NQOs-N; dissolved inorganic N [DINNES-N + NOy-N + NOs-N]); dissolved organic nitrogen, DON, P
(orthophosphate, OP; total, TP), and total suspenddtis(TSS). Most total ammoniacaN$L*™-N

at pH < 7, so this form is included throughout the report. The concentrationsOptN were not
included in theanalyss asthey werebelow detection limits (< 0.01 mg N)L

== Flow direction X Inflow point

[] Groundwater bore O Outflow point

Figure 2. Sampling designthe inlet and outet of three treatmentwetlanRa ® ¢ KS & - ¢ aA3Iya
sampling points for surface water (in/ougnd therectangledenotes thesampledgroundwaterbores.

~
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DINremoval(kgyr?) for CW02

Removal of DIN in kg per year was estimdtrdCWO02 with the removal ratesstablished for this site and
groundwater flows Thedirections and volume of groundwater flow were assessed by Rob Lait and
Associates Pty Ltd (RLA) for 19th November, 24th December 2020 (the lowest groundwater level on record)
and 4th January 2021 (théghest). We considered the flow volumes of 9.8 and 184 fas the low end

for the groundwater flow othe wet season (Jan to June) add; season (July to Dec), respectively. THE
removalwasestimated as the average for each season from Adame @0ala and this study, and

estimated over the length of the aquifer as follows:

DIN removal (kgg Groundwater flo{m?d?) * DIN concentration (mgi.* Length (m)

The mass removal of nutrientgas estimatedor the dry and wet seasons of 2020, arigetwet season of
2021. The mass removialr both seasons weradded up tocobtaintotal mass of DINkg) ofremoval in year
2020 and the projected removal for 2021

Statistical analysis

Normality and homogeneity of variance were tested usiggjdual plot analyses, Shapidilk and
KolmogorovSmirnov testsWhen variables were normal, differences amahginlet, outlet, and
groundwaterwere tested witha pairedsample for means-test. Whena variablewas not normal, a non
parametric onesample Wilcoxon signenk test was conductedRegression was used tetermine the
relationship between removal andlet concentrationsWe conducted a stepwise multiple regression after
checking for autocollineagtamong parameters to assess the influence of physicochemical parameters and
removal rates. A scatterplot of the residuals was checked for homoscedasticity of residuals in the
regression. Statistical analyses were performed with SPSS (v24, IBM, NewSY9iRathdare shown as

mean * standard errof{SE)

5. Results

Physicochemical characteristafsconstructed wetlands

The average physicochemical characteristics of the inflows during the sampling @emad2020
to February 2021are shown in Table T'here were differences among thalets of the three
sites Notably, pH, temperature and EGn CW02and LWO1were lower than inCWO03 possibly
indicating groundwater influence in these sit€roundwater wasin general more acidc and
colder (Table 2Nutrients were highest in the groundwateandat CWO02 they accounted for all
the detectable DIN into the wetland@heOP and TBf the inletswere very lowat all sites except
in CWO03(Table 3,4 this site also had the highest turbidity and TE&ble3).

Table 1. Physicochemical characteristitthe inlet of three constructed wetlandbetween Jun€020and
February 2021SitesCW02and CWO03hadone inlet,and LWO01had two (see Fig. 2Yalues are meansSE
of time seriefor CW02and CWO03 and the mean of the time series for the two inletsLiw01

EC = electricalonductivity DO = dissolved oxygen, TSS = Total suspended solids.



Temperature| EC pH Redox DO Turbidity | TSS
°C) (uScm) (mV) (%) (FNY (mg L)

Cwo02 | 26.5+2.0 60.5+0.6 57+01 | 177+14 76+ 15 7.2+2.0 |9.7+x1.7

CW03 | 27.5+2.9 113+5 6.1+ 01 | 171+28 28+ 3 31.9+6.0 | 21.9+3.2

LwWo01

(n=2) 26.2+09 43.2+7.5 5.8+ 03 | 1484 80+19 145+53 | 6.8+1.4

Table2. Physicochemical characteristicstloé groundwaterof three constructed wetlands between June
2020and February 2021 SiteCWO02had four boresyhile CW03and LWO01had one(see Fig. 2)VValues are
meanst SEof the bores which were means of eatime seriesTurbidityand TS®vere not included as
sampling with a piezometerausedsediment resuspensigwhich may have causexktremelyhighvalues.

EC = electricalonductivity DO = dissolved oxygen

Temperature| EC pH Redox DO

(°C) (MScm?) (mV) (%)
avioj) 269+02 |180.1+715|51+0.2(168+3 |17+5
f;viof) 250+10 |1535£18.0 |5.4+02|313+12 |83+20
I(_r\INZOi) 245+12 |542+05 |48+00|129+58 |35%16

Table 3. Nutrienand TS$oncentrations in thénletsto three constructed wetlands in the Wet Tropics
between June 2020 and February 2024lues are means SE ofhe time series folCW02and CW03and
the meant SEof the time series for the two inlets inW01

NGs-N NH*-N DON OP TP
(mg L) (mg ) (mg L) (mgLth) | (mgLh
Cwo02 | <0.01 <0.02 0.49+0.04 | <0.01 -

CWO03 | 0.14+0.03 | 0.04+0.01 | 0.29+0.03 | 0.02 £0.00 0.14 £ 0.02

LWO1

(n=2) 0.40+£0.07 | 0.02+0.00 | 0.23+0.02 | 0.03 +£0.04Q 0.06 + 0.01




Table 4. Nutrient concentrations of groundwater of four constructed wetlands in the Wet trbptesen
June 2020 and February 2024alues araneanst SEof the bores, which were means of each time series.

NO-N NH:*-N DON oP ™

(mg L) (mg LY (mg L) (mg LY (mg %)
(i"zof) 0.74 +0.56 | 0.11 + 0.08 | 0.07 + 0.03 < 0.01 0.07 + 0.07
CWO03
(n=1) |0.01 0.02 0.27 0.01 0.12
L(x\’fll) 2.02+0.19 | 0.04+0.0L | 012+001| <0.01 0.07 + 0.03

Inlet vs odlet

CWO02

In CW02 DO saturation was significantly higher in thieirtompared to oulet and
groundwater, which had the lowest saturatiomn€4.13, df =12p < 0.001; t=2.27,df =12, p =
0.042;t =-3.62, df = 12p = 0.004). EC was highest in the groundwater compared to thenoh
outlet (t =25.7, df =12p < 0.001t = 27.70, df =19 < 0.001). Redox, temperaturand TS%ere
similarbetweenin and outet (Fig. 34B.
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Figure 3Differences in dissolved oxygen saturati(%), electricatonductivity(ECuS cm'),
redox (mV), temperature (; pH and TurbidityFNU) amongnlet, outlet, and groundwatein
CWO02from June 2020 to February 202bw case letters indicate significant differences<(0.01)



The inflows of nutrients foEWO02were mostly through groundwater, accounting for all
DINsupplied to the wetland during the sampled period. Concentrations af-NONH:*-N in the
outlet were significantly lower than those of groundwater by one or two orders of magnitdde (
-2.27,n =13,p=0.023Z=-3.18, n = 13p = 0.001 Fig. 4) suggesting high uptake through plants
and denitrification. Contrarily DON was highest in the outlet compared to groundates3.11,

n =13p=0.002), suggesting export due to plant or microbial produatiborganic matterFig.
4).
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Figure4. Differences in (A) nitrogetN(mg L) and (B) total suspended solids (TSS, g L
between groundwater and outlet i@WO02from June 2020 to Februpa2021. Low case letters
indicate significant differencep € 0.01)

Theperformance ofCWO02has improved since constructianth an increase itNOs-N and
TPretention with time (Fig. 5) The average DIN removal increased from 0.28 + 0.05'mythe
wet season 2020 to 0.76 + 0.05 mih. 2021 (Fig. 13Dne eventwasrecorded ofNHs*-N release
at the beginning of thevet season in December 202€bincidenta veryhigh peak ofNGs-N input
(5.6 mg ).
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Figure 5. Differencdsetweenthe inlet (groundwater) and outlet concentratiorfgg L) of
nitrogen OON,NGs-N, NHi*-N), phosphorus (T,FOB and total suspended solids (T88CW02
from December 2019 t&ebruary 2021The hashed line indicates thstartingdate for the
analyses in this report.

CWO03

ForCWO03 there were no significant differences between @amd outet for all the
physicochemical parameters analysed, except EC, which was lower at tee(bat5.03, df =17p
< 0.001)Nutrients in CWO03 mainly were derived from runoff through the inlet, which had higher
concentrations than groundwater (Table 3 and 4). Site CWO03 had the |1dl@ssh



concentrations of all the treatment wetlands measured and the highest TP (both at @14; m

Table 3), TSS, and turbidity levels (Table 1, Fig. 6). TP was significantly lower in the outlet than the
inlet suggesting retentiort € 2.34, df =33p = 0.026). No other nutrient concentration in the

outlet was significantly different from the let (Fig. 7).
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Since its constructiolGWO03has had low N flows and removals, except for brief periods in
the wet season of 202March) andrecently,in February2021. However, this sités a sink off P,
probablybecause osedimentation whichresults in the deposition of sediments and the P
as®ciated with them (FigB).
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LWO1

In this wetland DO%, redox, temperature and turbidity were significantly higher in the
inlet compared to theoutlet (t = 17.93, df =28 < 0.001t = 4.27, df = 249 < 0.001} = 4.80, df =
28,p<0.001t = 4.40, df = 28 < 0.001). ContrarigC was highest at thautlet, consistent with
evaporation(t =-5.16, df = 17p < 0.001).
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Figure 9. Differences in dissolved oxygen saturation (DO, %), electmchlctivity(ECuS cm'),
redox (mV), temperature (@ pH and Turbidity (FNU) between inlet and outlet. @f01from
January2020 to February 2021. Low case letters indicate significant differepee8.01)
Groundwater was not included in thetatisticalanalyses due to limited data points LO).

In LWO1 NGOs-N concentrations were four times higher in the inlet compatedhe outlet
(Z=-4.41;p < 0.001) suggestirgstablished denitrification in the treatment wetlan@here was
export of DON and a smakport ofNH;*-N, OP and'P(t =-9.084, df = 30p < 0.001Z2=-2.12; p
<0.(84;2=-3.46;p=0.001;Z=-4.51;p < 0.001 Fig.10).
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Since monitoringstarted, the performance ot WO01for NOzs-N removal has improved (Fig.
11), with a 0.2 mg tincrease in DIN removal from the wet season @@ the wet season 2021.
Additionally,the exports of TS&8bservedin the first months after construction have been reduced.
Thisresultis probably a result of established denitrification and increassgktation stabilising the
soil and reducingrosia, although there are exports of TP
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Figure 11. Differences in inléh and groundwaterand outlet concentrations (mg'). of nitrogen

(DON,NGsz-N, NHs*-N), phosphorus (OP, TP) and total suspended solids iiTB®&)01 wetland

from January2020to February 2021. The hashed line indicates the starting date foarlaé/sesn

this report.

Factors associated with Dddd TRemoval

From the three wetlands analyse@\W02and LWO01lhave been consistentignd

increasingly removinlOs-N from the water columnTheir removal isignificantly and closely

associated witiNGs-N concentrations irthe inlet of LWO01andthe concentration in the
groundwater ofCWO2(Fig. 1213,19

Water Level (mAHD)
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Figure 12. Association betwe®&0s-N removal (inlet/groundwater concentration outlet
concentration, mgt) inCWO02and LW01(p < 0.001)and TP removd[log10] inletoutlet) andTP
concentation inCWO03

Additionally, forCWO02 higher N@-N removal was associated with low inlet EC and high
temperatures = 0.81 p< 0.001). ILWO01 NG-N removal was associated with higher
temperatures and lower redox/DO% in the watéirseems that during the summerhen NQ-N
concentrations temperature,and productivity are highest, conditions for denitrification are
optimal, resulting in high removal§ig. 13)

CWO03did not show any significant correlation for N removal but latgend of higheNGs
-N removals at concentrations > 0.1 mgdnd higheNH;*-N removals at concentrations > 0.04 mg
L-1. Reduction of TP was highest when concentrations were higher than 0.15 (RigL12), pH > 6,
EC > 150 us chand at lower Reok values (< 200 mV)4R0.76,p < 0.001)Fig. 14)
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Figure 13DIN removal performancgng L) of the CW02, CWO03 and LWO01 wetlara$vo dry and
three wet seasons between 2019 to 2021.



Figure 14. Tiemoval performancé€mg L) of CW02, CWO03 and LW@itwo dry and three wet
seasons between 2019 to 2021.

DIN removain CW@ (kg yrt)

The annual rates for DIN removal were highethe wetthanin the dry seasonand higher
in 2021 compared to 202(Qrable 5 Fig. 13 Changes in DIN removal are due to the inesszhN
concentrations duringvet periods and the increased maturity of the site the last months of
monitoring. Removalsvere highest foiNGs-N than NHi*-N, confirming that denitrification is the
key process that drives DIN removals in these treatment wetlands.















