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EXECUTIVE SUMMARY

Booth, J.D. (2021).Reviewing recent (mainly post1950)changes in nature and extent of shallow
water, softs eaf | oor bi ol ogi cal communities of New
conseqguences and persisting threats

6Marine environment al hi stori esd tdi-mature pefoevi de
human modification require informatiaround changes in ecosystems over time. This contribution
reviewsthe variations observed in shallow (<10 m deep), soft seafloors, and their associated biological
communities,jn the Bay of Islands, New Zealand. The temporal focyso&1950, but changes

certain communities have their baseline before European colonifabiorabout1800 AD). The main

driver ha been humatinduced,land-derived sedimentation which h&l to an ongoing ecological
cascadeMangrove spread has impinged on threatenedatalsuch as saltmarsh, uppershore cearse
sand/shell beaches and spits, and (probably) intertidal seagragsimultaneously, previousty
productive shellfish beds have batastroyed througteposition of fine silt.

It appears likely that in preuman timesnangroves(Avicennia marin@i although widespreaidwere
muchmore restricted to points of freshwater inflow than they are toNmjor expansion in the
mangrovefootprint onto other soft shordgok place over may decades of the twentieth century as
levels of landsourced sedimentation escalatedelémghat physical and biological conditions/events
coincided in around 1900 to result in widespread mangrove recruitment low on sheltered soft shores,
the recruitsin turn bringing about higher rates of silt accrual that ledremlualshoreward spread.
Mangrovecover by catchment increased 267% (overall 128%) betwedhe early1950sand 2009,

the wave of shorewarfill now essentially complete. Upper sheltergftbres will almost certainly
continue to accrue sediment in certain parts of the Bay of Islands, inevitably leading to further
alongshoreexpansion of mangroves that can potentially fill every void.

Saltmarsh areal coverreducedby around 12% between 1978 and 2089 mangroves extended
shoreward, buital loss over the longer term will have been far greatpheach mangrove expansion,
together with saltmarsh being essentially locked against landward expansion by infrastructage such
roads, ensures that for as long as mangrove cover continues to expand, saltmarsh cover will reduce.

Mangrove expansion has alseerwhelmedippershore coarsesand/shell beaches anchenierspits

T recently ranked among the m@dtrisk marine ecosystes in the country that had, at least until the
early-1950s, comprised the margin of many soft, upper shores of Bay of Islands estuaries and sheltered
embaymentsAlmost certainly intertidabyster reefs(originally the rock oysteBaccostrea glomerata

but now the Pacific oysteCrassostrea gigatoo) were onceprominent in Bay of Islands estuaries
Theyare now highly restricted.

In prehuman timescockles(Austrovenus stutchbudyi with pipi (Paphies australisi would have

been the prominent estuarine shellfish of the Bay of Islands, as they are today. Significant proportions
and quantities of large cockles (4% mm long) continued to be available for harieshe Bayduring

late preContac times (prel800), and into the early pe€bntact era on an apparently enduring basis

Yet today, even under low fishing pressure, they are barely harvestable on most shores. Indeed, it
appears that recentlypossibly within the last couple decade$ there has been substantial decline

in the status of the Bay of Islands cockle stocks. Cockles today are abundant (except in the Waikare
and Waikino waterways), but seldom reach large sikhstiple stressors underpinned by chronic
levels of fineterrigenoussilt accumulatiori a welkknown inhibitor of cockle vigour arethe likely
explanation.ndeed significant scatters of 285 mm long surfacetiving cockles present at many
localities may indicate high parasite infestation, and/or thetsfté®ther contagion.



The yellowgreen alg&/aucheriaperiodically appears as dense and extensive beds in the low intertidal
of beaches in the eastern Bay of Islandpparently, the way it accumulates silteans once
establishedshores caii at least temporariliy become unsuitable for seagrass.

Intertidal seagrasgZostera muellejibeds appear not to have been particularly extensive or notable in

living memory within the Bay of Islands, and thapyalsohave beef little significance even as far

back as the eadgineteenth century. Although 50 y ago more widesperadndt he Bay, t oda:
subtidalseagrass appears to be largely confined to 12 significant and recovering beds (some extending
into the lowintertidal),as wellasseveral smaller, morephemeral patches, around the islands of Ipipiri

and on adjacent shores in the eastern Bay of Isl3iesfirst aerial imagewere fromthe 1930syet

widespread beds were not evident until the-1#8180sIndeeds o me of t odayés most s
did not establish until the earli970s, more than 30 y after the first significant seagrass was observed.

This suggests thaat leastfor recent historical timesjgnificant subtidal seagrass may be a relatively

reent biomehere.Decadalscale changes in surface cover of subtidal seagrass since the 1960s/1970s
arelikely linked tochanges irsedimentation rates and turbidity, and ocelimate factors.

The shallow soft seabeds around the islands of Ipipiii referred to here as the Ipipiri Platform and
essentially defined by the 10 m depth contiositand out in having apparently been miess affected

by landsourced sedimentation than most other parts of the Bay of Isl@ils Platform is today
characterisedy large areas of apparently tiragble reehlgal turf interspersed with motane-
varying subtidalseagrass cover. The algal turf fields appear in turn to be differentiated into a mosaic of
patches of biogenic growth familiar in the sbéittom ecologyof other parts of New Zealartiat
include beds of morning star shell§gwera spisspand robust dog cockle$fcetona laticostada

So far, essentially all larggcale changes observed in the biological communities of shallow, soft
seafloors in the Bay of Islands have had their origidsectly or indirectlyi in human activity, rather

than being part of any inherent progressiomature.The expansion in mangroves and concomitant
loss of saltmarsh, coarsand/shell beacheand spits, intertidal seagrass and cockle beds are
attributable primarily to high levels @nthropogenicalhgeneratedlandsourced sedimen©ngoing

threats ® these ecosystems include continuing sedimentation, damaging fishing practices, and
establishment and spread of riadigenous organisnis in particular, theproliferation of possibly

novel viruses.

Physically small yet ecologically diverse, the Baysténds has provided a tractable location for this
unfunded communityscience project concerning changes in nature and extent of sivedlian soft
seafloor biological communities in a northé¥ew Zealand embayment.



1. INTRODUCTION

1.1Background

Progressing our understanding of ecosystem functioning at the time btifinanarrivals, andhrough
settlemenaindpopulationgrowth, can assist coastal managerdevelopngtheé mar i ne envi ronnm
hi storieso t hat al |l ow c r-of-batue abkforeits nheimagnhetidgedi nt o b
modification (eg., Manez et al. 2014; Klei& Thurston 2016; MacDiarmid et al. 201®rawing on

published and unpublished material, tieportbrings togetheand addressés one placehe nature of
ecologicalchangein representative shallewat er ( mainly O10 m depth) so:
|l slands (35A 12Nj S, 174A 10Nj E) , . Rimipallyltancemedr t he a s
with the pastsevendecades, bubn occasiongoing back tgore-European timesit considers likely

main-drivers of those transformatigrend ecological consequences and risks into the future

All marine ecosystems have inherenatural dynamism driven by such processesas non
anthropogenially-derivedseatemperaturehangeand varying patterns of stormine3is variationis
manifestedn significant chang®ver short timgrames throughto little or no perceivable shitiver

the scale of decadeSuperimposed on these are transformations negditrectlyfrom human activities
(e.g., seafoodharvestinghatleadsto theoverfishing of particular stocKs together with those imgkctly
brought about by anthrogenic influences such as increased levels of terrigenous sedimentation
derived from land clearancandrising sea temperatures associated \kitimanmediaed climate
change

The paramount driving force forturalecological change in recent geological times has been climatic

variati on. Briefly, for the past millennium, t he
was followed by the Little Ice Age between 1500 4800. In the thirteenth century, average annual
air temperatures may have been0.SAC above todayds; and during the

°C lower (Anderson et al. 2014But becaus¢heinexorablebiological and ecological changjerought
abou by climate variation over this periegenso farto have been small in termstbEenvironmental
tolerances of most tax@part from thosdiving at the edge of their geographic rapge is human
presencéhat has had greatappreciableecological impact. Beginningith EastPolynesian arrivals
in the Bay of Islandé about 1300 AQ0Robinson et al. 2019andrapidly-growing populationswith
European arrivals from about 18(ooth 2017)human presence wrought immensanspicuous and
enduring change to the local shallow ss#afloor marine ecologyhiscame abouparticularlyfrom
increased levels of landerived sedimentation.

Soft-bottom habitats are those of mud, sand and grButkheyalso include biogenic sstrates such

as seagrass and shellhasicurringon their own oron top of mud, sand or gravehdsoftsedment
veneers over rocky redBiogenic habitats encompass both a) those living species that form emergent
threedimensional structusghatdistinguishareas in whicltheyoccurfrom surrounding lower vertical
dimension seafloor habitatnd b) norliving structure generated by living organisms,isas infaunal

tubes and burrowfMorrison et al. 2014 8). Biogenic habitats carexist over exensive areas of
seafloor and support higher biodiversity than adjacent hal@tadsareoften hotspots diving diversity

(e.g., Anderson et al. 2019: 134).
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Figure 1. Bay of Islands on the northeast coast of the North Islandinset), and locations mentioned in the
text. T, Tangitu; W, Waiaruhe (Map: author)

In numerous places around New Zealarmtiderivedsedimentnundating nearshomarinesubstrates
is ofimmense=cological concern (g., Morrison et al. 2009), asis globally (eg., Gray 1997)This is
especially concerning when it involves st habitatshat oftendominae the seabed of estuaries and
coastal embaymentdhis is because soft seafloors in sheltered locationsypigally biologically
diverse and important to nutrient budgets and the global carbon cgrl&fay 1997; Snelgrove 1999;
Lohrer et al. 2006). Presence in the water column of, and smothering of the seafloor-spulaed
silt can alter the structarand functioning of these ecosystems, particularly as seditivenates rise
(e.g., Gray 1997; Thrush et al. 200&urther, @pressed condition among filter feeders such as cockles
Austrovenus stutchburyin particular, iscommonunder elevated levelsf suspended terrigenous
sedimentThe silt particles abragiclog and smother; redemterstitial spaces; and redziowod supply
and quality through decreased light attenuatiom,(Blorkko et al. 2002; Thrush et al. 2004; Morrison
et al. 2009; Adkingt al. 2016).

Although landsourced sediment deposition fatates human settlement in New Zealalashd-use
practiced especially over the past 200 yave greatly increased sediment accumulation rates (SARS)

in coastal ecosystems (Swales et al. 200®yeover,greater storminess associateith a warming
climatemeansspecies must cope with greater suspermatiment loads and increased accumulations

of sedimenperstorm, together with concomitant longerm changes in habitats. Storm events
increase turbidity and sedimentation over short {irames, but repeated turbidity and sedimentation
eventscan have evemoresignificant negative impacts (Lohrer et al. 2004; Norkko et al. 2006).
Critical thresholds for benthic species tHrereforeexceeded more frequently, with less time to recover
between events and greater chance for gradual degradation in benthic community structure and function.

Inundation of seafloors by silt resulting from land-affiis not, however, the onlgotentialagent of
appreciablechange in the nature and extent of shalleater, softseafloor biological communities of
the Bay of IslandsOthers include thehysicaland ecologicalimpacts of human activities such as



seafood harvesting arfibating,andi potentiallyi the arrivalof nonnative species of plants and
animals andovel virusege.g., Harvell et al. 1999; Guo & Ford 201@stablishment and spread of
nonrindigenous species (NIS) brimg aboutfar-reachingchange in communities and ecosystess
well illustrated in the Bay of Islands in the colonisation of many-raeitidal surfaceby the Pacific
oysterCrassostrea gigas

Softbottommarineecosystems of New Zealand have, overall, beentefisstudied than ecosystems
associated withiocky reef (e.g., Anderson et al. 20)9As acontributionto redress thigor northeast
North Island this unfunded, communitgcience contributiortompiles and reviews publishedand
unpublishednaterialconcerning changes,iandpersistingthreats tothe ecology of the shallow seft
seafloors of the Bay of Islandafter addressinghe hydrological,sedimentologicahnd biological
contextof the Bay of Islandschangs (mainly post1950) among representativetertidaland shallow
subtidal softshore ecosystemare explored 1) expansion in the mangrové\cennia marina
footprint, associated with increasing levels of sedimentataking placefrom the latel800s 2)
concomitant contraction in the extent of saltmamstiloss of criticallyendangered uppersharearse
sand/shell beaches, and the chehlier spits (Wiser et al. 2013) that form elongate barriers at
freshwater outflows3) sedimentation of oyster regfsriginally the rock oysteBaccostrea glomerata

but now the Pacific oyster tad)) loss and/or degradation of harvestable beds of shellfish (particularly
cocklesand pipi [Paphies australiy; 5) changes irareal cover ofintertidal and subtidalseagrass
Zostera muellerand intertidaly, theyellow-green algd/aucheria and6) changes appareny small

T in thenature andxtent of theed-algaedominatedshallowsoft seafloorg<10m depth)of Ipipiri in

the eastern Bay of IslandBatasources include published and ar@uhistorical and scientific
accounts, pictorial records and research documents, the contents of middens, aerial imagery, interviews
with locals, and field sampling.

1.2 Hydrologicalsetting

Bay of Islands (Figurel and 2 is a 180 kn? embaymentof drowned river valleysmany of its
numerous islandbeing thesummits of what were once hill§he Bay lies in a warmiemperate zone
with strong subtropical and tropical influences, particularly during supsoeiace waters reaching
20i 22 °C in latesummer and drgpng to 13 16 °C in latewinter (Booth 1974). Extensive estuarine
and tidal reaches feed into the mainly 30m deep main basin of the Bay, with depths reaching 80 m
near the entranc@-igure 2) Overall the Bay is reasonably wattixed, with one estimate of the
residence time for waters being 19 tidal periods (Heath 19¥@)semidiurnal tides have amplitudes

of 2.0 and 1.5 m for spring and neap highs respectiVély northflooding tidal stream thatirns west

into the Bay at Motukokako (the sequence reversing during the ebb; MacDiarmid et al. 2009) ensures
waters in the eastern Bay of Islan@sparticularare regularlyand extensivelyenewed But the idal
streams are generally weakkcept athie restricted mouths @stuariesand particularly betweerthe
easterrislandswhereebbvelocitiesreach 1.25 m (MacDiarmidet al.2009: 173) The mainoceanic
influence on the waters of the Bay of Islaigithe southeadtowing East Auckland Currenthe Cape
Brett Peninsula protrudesto this flow, thereby initiating a weak countercurrent across the mouth of
the Bay Booth 1974 Mitchell et al. 2009). This oceanic intrusion is seen in the high abundande (
for some taxa, breeding) of tropical and subtropipaicies (particularlfisheg especiallyintheBay 6 s
southeastCatchment landise today is mainly agriculturahelow levels of indusial activity (the only
mining beingrock-quarryng) aroundtie Bayof Islandsresulting ingenerallylow levels ofchemical
contamination of aquatic systems (Griffiths 2011, 2014, 2015).



Inner Bay Of Islands
Bathymetry Overview

Figure 2: Bay of Islandbathymetry (Mitchell et al. 2009. Outermost bold contours are 100 mand 50 m,
with finer contours at 10 mdepth intervals.

1.3 Sedimentological setting

The underlying geology is predominantly greywacke, resultant soils and clays being prone to erosion
and aquatic leachingiand cores showhatearly Polynesians had devastating impact on the vegetation
around the Bay of Islandgarticularlythroughuse offire (e.g., Elliot et al. 1997jo promote growth of
starchrich brackenPteridium esculentunBut erosion from these catchments was minimak sal
structurewasmaintained by networks dirackerroots (up td.5m deep, and relatively unaffected by

fire), and protecteffom raindrop impact and slopeash by a dense plant canopy (Wilmshurst 1997).
Accordingly, marinesediment cores around the Bépwed these early firings resulted in only modest
increases in SARs (Swales et al. 2012).

With European settlemertipwever,soil erosion increased markediey landuse changemcluded
widespread land clearances for pastoral farming, beginning in tht8@@s, and, later, plantatigoine
planting and, in places, citrscharding (Swales et al. 201 Extensivereplacement of saétabilising
vegetation with pasturen particular left softrock hill-country soils vulnerable to erosion and
landslides (Wilmshurst 199,Ayith resultant runoff to the s€ag., Figure3).

Figure 3: Silt-laden surface flood wates flow east out of Kerikeri Inlet which liesjust beyond the headland
to theright; Te Puna Inlet is to the left and the Black Rocksand Moturoa Island can be seern the upper
middle distance. (mage: Dean Wright Photography, with permission)
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Inner -bay sedimentation rates Our mostdetailed understandings around sources, rates and impacts
of landderived sedimentation come from the Bay of Islands Ocean Survey 20/20
(marinedata.niwa.co.nz; http://www.0s2020.org.ng/ seabed sediment cores and associated
observations. Sampling took place mainly during 20@9 Bostock et al. (2010; Seafloor and
subsurface sediment characteristics); Gibbs & Olsen (20H@erlining sediment sources and
dispersion in the Bay of Islands); Pritchard et al. (2010; TRANSdiment transport model); and
Swales et al. (2010, 2012: Recent sedimentation rates, updated inQ®E2)information concerning
recent sedimentation the inner Bay of Islands comes from investigations and sampling by Northland
Regional Council (Cornelisen et al. 2011; Griffiths 2011, 2013, 2014, 2015; Bamford 2016), Booth
(2017, 2019, 2020) and Booth & Edwards (2020).

Using sediment traps (some neanmghaway from main channelahich iswhere tidal currents slowed
through friction can be expected to have brought abouektght-deposition ratds Gibbs & Olsen
(2010) showed thatNovemberDecember 2009 SARs were very high in Waikare Jntatderate in
Kerikeri and Te Punmlets, and low elsewhere (includirigsurprisinglyi Kawakawa Riverpossibly
because there wa® heavy rain just before or during the sampling) (Figire
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Figure 4: Relative proportions of sedimentation and resuspension fluxes across theyBaf Islands in
NovemberDecember 2009Gibbs & Olsen 2QL0: 18).

Consideringhe longer term, the Ocean Survey 20/20 modelling indicates that average annual sediment
deposition over the past ~150 y has been 8Bt (95% Cls 299001 719000; Swales et al. 2012),

the largest source being Kawakawa River, with almostG®0t. The average annual sediment loads

of the other main rivers are Waipapa 4300 t, Kerikerl02t, Waitangi 62,700 t, and Waikare 9100 t.

The associatetime-averaged SARs have beeni4® mm y, except near the entrance to Kawakawa
River where the rateasbeen14.2 mm y* (Swales et al. 2012) (Figure GheseSARs are 1020 times

higher than bfore European settlement (Swales et al. 2012), with values typically greatest in upper
estuaries (Oldman et al. 2009)ost of this terrestrial material enters the sea after heavy rainfall on
steep and erosigprone terrain, increasing suspended sediments in the water column and depositing
fine sediments within channels and on their margins.
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Figure 5: Time-averaged sediment accumlation rates over the last 100150 yin the Bay of Islandsbased
on sediment cores (Swales et al. 2R147).

However, itshouldbe noted that almost atinerBay of Islandssediment cores were takanar mid-
channe] whereflood scour would be expected to ensaneongthe-lowest siltdeposition rates the
entire systemFor examplefor Kerikeri Inletd svo stationgRAN S-18 and RAN §19), SARs were
relatively low (2.4and 1.8mm y? respectively) but both stationswere weltremoved fom the shore
(Figure6). In line with this rock-oysterrock groynes near the edge of the main (Pickmere) channel,
apparentlyset outin the 1920sBooth 2017, haveremainedvisible (eg., in 193 and~1955 Watkins
1974 to thisday (Appendix 1) Thisindicatslittle or no sedimentatiohereover the past 100.y

—RAN.S-19 % RAN S-18

Figure 6: Recent surface benthic tpin-size determinations for midKerikeri Inlet. 1) Green dot, Northland
Regional Council sampling site 200810 (431 46% <63 um,; Griffiths 2011); 2) Yellow dots, OcearSurvey
2020 (2009) RAN S19 (15.9% mud) and RAN $18 (48.1% mud) (Swales et al. 2012); 3) Red dots, Ocean
Survey 20/20 Sites 8 and 9 (Hewitt et al. 2010), with significant proportions of mud and fineasd; and 4)
Black dots, Northland Regional Council sampling sites 20126 (~75% mud [<63 um], the remainder fine
sand(Griffiths 2014; Bamford 2016) (from Booth 2020) Marine chart NZ 5124 indicates widespread fine

mud and fine-sand substrates in this region.
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In contrastjn shallowemparts ofKerikeri Inlet, particularly towards andtits margins,SARs have been
much higherThis s evidenced irthe shdbwing of Middle Passage (nongernavigable at low tide)
between 1849 and the present, and the prededeg of mud extendingtens to hundreds of metres
away fromthe Inleb shores This mudis bereft of macrofauna such ascklesandis so deep as to be
risky to enteron foot(Figure7).

Figure7: K e r i k e r Middie Rdssagenasnavigable in 1849ypper left; Stokes 1849depths in fathomg
but is now obstructed (pper right; depths in metreg, and large areas ofnearby shore are now deep mud
that is without shellfish (vertical orangelines, main cockle beds being shown as vertical yellow line8020;
lower) (from Booth 2020)

Further, the impression is thauchof theareal eparsionof nearshoresedimentatiofn KerikeriInlet

is relatively recentLongtime locals recount how siltation of upgéerikeri Inlet shores rampeap

after the 1970s, pl aces |ShdllyeBedlk and theamowth oBRaraitahe, &k u
River,becoming unswimmable andreé of harvestable cockleAnd today ~50% of the cockle habitat

T much of it nearshoré is deep mudgBooth 2020 11 12). In line with this the boataunching ramp

at Skudders Beach, a concrete slab extending seaward across the upper 15 mrofiige7tertidal

andbelieved to have been constructed in the 19680sseabléodayonly at the top of the tide because

it nowterminatesn deep mudat about half tide levglAppendix J.

Levels of rearshore sedimentation in the WaikandWaikino waterways appe&o have beerven
greaer, even though SARs at the channel coring sites were orilg.2.inm yr* (Figure5). Nearshore
oyster farms have been overwhelmed by mud over the last few degad@searly2019 Booth (2020

13/ 14) foundit difficult to locate significant cockle bedis an area where the presence of huge cockle
middens indicaté shellfishhad beenhistorically abundan(Figure8). Indeed, he extent and depth of
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fine mud apparently precludes cockktablishment on most shores of Waikare Inlet and Waikino Creek
today, this now being the lonrterm condition according to local resideriifiese observatiorare in

linewi th Swalesd et al . (2012) concl usietd fflomt hat
Kawakawa River are transportamgland deposited in the Waikare and Waikinaterways

Figure 8: Only the upper intertidal of even the mosiopen of beaches in Waikare Inlet and Waikino Creek
(upper pair; a ut h o r)éupport cockleseoday, lowelparts of the beachbeing deep, fine mudQOyster
farms established late in the twentieth centurynear the entranceto the Waikare have longsincesilted-up
(lower; Ocean Survey 20/20 image

In the absence adynopticsedimentcorings for manyshallow (<10 m) parts of the Bay of Islands,
insight intoregional variation irSARswasobtainedby comparinghe bottomdepth contours shown
on thel849 Acheronchart (Stokes 1849) witharious charts sinceulminating in the mostiodern
(mairly 2010s) onesTheapproaclis aude,it not necessariltaking into accountfor exampleepisodes
of major accretion followed by major erosiddeverthelesghe loation of contour$ particularlythe
10 m/5fathom lines T suggestsignificant nearshorelineshallowingwithin estuariesand neartheir
approachesdetween 1849 and todaiven if the absolutedepths at the time ahe surveysare
debatable thepatternof shallowingacross the entire chdrtaken to reflectelativerates ofaccretion
of sedimenby locationi are informative

For example, in the Kerikeendin the context of little or no tectonic activityhe 3 m depth contour
upstream from thé n | mduth l|ad migrated~500 mseawardbetween 1849 and 20iFigure9).
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What wasoncethe 3fathom contour is now 3 m, givingnmminalaverage annual SAR &7.9mm y
1(1849 2017)at certainpoints

Dovés Ba J
4 - z/cpbito\g?tf -
Lf > 1955 ./ 3

Ylinlety\., + +

Figure 9: Position upstream from the mouth of Kerikeri Inlet of the 3m depth contour in 1849 (Stokes
1849) and 1955 WWatkins 1974) superimposed onthe depth contours (m)of 2017 (Northland Regional
Councild s  rkeriphoalinterplmgrid).

Growing awareness over the past few decades of the impact of terrigenous silt on the marine
environment has seen loggdvernment regulations arourttie control ofsilt runoff becoming
increasingly stringent (g., www.nrc.govt.nz www.lawa.org.nz), with some evidence for declining
levels of siltation in estuaries and ottsrelterechabitas in certain parts of the Bay of Islandsor
example, SARs appe#&r have recently stabfied in upper parts of Kerikeri InleRichard Griffiths,
Northland Regional Council, pers. comm. 2019)

Outer-bay sedimentatiorThere is no evidenasf sedimentatiomo this extenbnthemargins oflpipiri
Platform Herg the 2.5 fathom line in 1849 appears tgbgsicallyclose to the 5 m contour of today,
170 y on(Figure D, and apparentlgteadyover intervening yeans This suggest resuspension and
seaward transport of sillyith nominallylittle or no enduring buildip.
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Figure 10: Depth contours for Ipipiri Platform in 1849 (upper, the dotted isoline being 2.5 fathomsand the
continuous black line the 5 fathom contour) and in 2013 (lower, the isoline betweendark blue and light
blue being the 5m contour, andwith the 10 m contour separating light blue and white).

1.4 Biological setting

Habitat maps, which combingaterdepth with information on physical variables of the seafloor, and
sometimes with biological distributions, provide brdadshunderstandingf benthic habitats and
communities. For the Bay of Islands as a whole, Kerr (2009) has provided a generalisddreaghi

with regional updates for the assround Waewaetorea Island and Maunganui Ballerr & Grace

(2015 andKerr (2016) (Figured.1i 13). These showow soft seafloors predominate in shallow inner

parts of the Bay of Islands and around the islarfdipiri, often with steep rocky shores further
seawardVarious of the logically-focussed research (muehit directed towards watersl0 m) from

Ocean Survey 20/20 includes Bowden et al. (2010; Seafloor assemblage and habitat assessment using
DTIS); Hewitt et al. (2010; Softediment habitats and communities); Jones et al. (2010; Fish
communities); Nel son & DO6Archino (2010; Att ache
Shallow rocky reefsare referred to later.
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Figure 11: Habitat map of the seafloor of the Bay of Islands, with distribution of physical variables (Kerr 2009).
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variables (Kerr & Grace 2015).
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variables (Kerr 2016).



2. EXPANSION IN MANGROVE FOOTPRINT

Mangroves are weknown for thebreadth and complexity of their ecological roleg.(éMorrison et
al. 2014a; Anderson et al. 2018)angrove forests are defined as areas of continuous tree occurrence,
often forming a canopy, extending alongshore for at least 200 m, and-slconssforat least 50 m

(Ander son
term

et al 2019: 45). Small
6 g sto mired of forestsand patches of mangroves.

er

arheratlse ar e

Two main perspectives prevail concernithg biogeomorphic developmeif recent NewZealand

forests (Swales et al. 2019jither mangroves are opportunistic, forest development being primarily
driven by physical processes; or biophysical feedbacks strongly influence sedimentation and the
resulting geomorphology. In order to determine which of these applied most widely irayhef B
Islands,changes in mangrove distribution were derived from mainly etrlynid-twentieth century

maps, plans and commentariesd aynopticaerial imagerthatbeganin the earlyl950s The aerial
imagery additionally allowed estimates around chesgn individual treesize and densityMost
observations from the Bay of Islangisint tobiophysical feedbacks strongly influeng sedimentation

and the resulting geomorpholagnd leading tonangrove spreaBooth 2020)

2.1Early accounts

Accounts of Bay of Islands mangrove coverg(eChapman 1978; Walls 1987; Hackwell 1989;
MacDiarmid et al. 2009; Swales et al. 201#ps://data.linz.govt.nz/layer/5029&-mangrove
polygonstopo-150k) focussed on relatively recent (pd€68) cover, yet baselines concerning
mangrove extent are available as far back as thelB00s. For the earliest observations, whereas some

localities havesinceshown little change in areal cey most have expanded (Figd.

oL¢ 16
(~1849)

OoLC3
(18657) Webster (1908)

for 1841

3

5 Florance
OLC 133

(1834
O . ML 849 (1867)
4 McCormick (pre-1867)
(1841) " 146

} 7/ bLC 117 (186?)
Florance oLC 172 7 8

(1836) .~ (pre-1879)
ML 271 = .
(pre-1867) 12
McCormick
(1841)

11

McCormick
(1841)

Figure 14: Old land claims (OLC), MUor i | and surveys

( ML)

andadl8ids, i tten

indicate where mangroves existed (green shading) or were referred to (green circles); pink indicates
shorelines where, orany one plan explicitly showing mangroves, no mangrove cover was iicdted. Shores
without shading may or may not have supported mangroves. Whereas some localities have shown little
change in areal cover since the mid800s (blue boxes) (1 and 5 [6 and 8 were already at felktent]), others

have expanded (2, 7 and 9Boath 2020).
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The firstBay of Islandsvide assessment of mangrove presence/absence appears to bé& tnergf
Cropp (1922), followed by the 1939 hydrographic chart and@4@ inchto-mile plans Between 1922

and 1942, mangroves had spreaghificantly, especially ito areasbeyondthe uppemostestuaries
(Figurelb).

T

Figure 15: Presence of mangroves (green) in the Bay of Islands in the ea900s Ferrar & Cropp 1922)
(upper) and in 1942 Department of Lands and Surveytopographical maps) (lower; omission of mangroves
at sites 1 and 2 is almost certainly oversigh{Booth 2020)
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2.2 Aerial imagery

The firstsynopticaerialimageryfor the Bay of Islande/as fromthe earlyl950s whenmangrove cover
throughout most athe Bay Appendces2i 4) was characterised as follosigure 16)(Booth 2020)

There were reasonably extensive areas of large (and almost certainly old) trees associated with tidal
creeks and river mouths, the largest trees occupying sedmvegds Presumably these mangroves
represent those present at the beginning of European colonisation, and probably much earlier. There
were also reasonably extensive areas or bands of trees eraimlaiverflats, the largest individuals
occupying seawrd fringes (again, likely lonrgstablishedoress). Conspicuously, on many sheltered,

soft shores until then clear of mangroves, one row (but up to three) of reasangélirees (most 5

m crown diameter) had established well below higtter level, ad, occasionally, similar rows of new

trees had established seaward of bands of older trees.

Figure 16: Examples of the categories of mangrove cover in the Bay of Islands in the eafl950s given in
Appendix2( 6 Ri ver Bend&d i n(uppen MaAeraavMappiRg Ltde 548-68), with the same
location in 2009 (lower, OceanSurvey 20/20) (Booth 2020) A, a significant forest of established trees
associated with stream mouth(s); B1, away from stream mouths, one main row, the trees being of similar
size; B2, away from stream mouths, i3 rows, the trees being of similar size; B3, away from stream mouths,
21 3 rows, the trees witlin rows being of similar size, but different to those in other row(s); B4, away from
stream mouths, wide band (equivalent in width to at least five rows) of large trees; B5, away from stream
mouths, wide band of large trees with one main row to seaward; B&way from stream mouths, wide band
of large trees with 2 3 rows to seaward; C1, trees referred to in Columns ®B6 of Appendix 2 remain i
almost universallyi the lowest on the shore (and in most instances individually identifiable through their
pattern of distribution); C2, many or all trees referred to in Columns B1 B3, B5 and B6 are well below
mean high water, based on such features as uppbeach form and presence of saltmarsh.
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About-decadal followup aerial photography, culminating in the 2009 Oc8arvey20/20 imagery

(NZ Aerial Mapping LtdSN50765X) shows how this mangrove cover evolved. The lines ofdeach
recruitment evident in the early950s remained the lowest on the shore in 2009 (individualdfess

still identifiable), and most of the expansioad beershorewarde.g.,Figure 17) Although grazing of
mangroves by cattle Haaken place in certain parts of the Bay of Islands,(Ehapman 1978), it does

not adequately explain ithpattern of mangravpresence 6 Gr azi ng results in
damage to br anche sHaekwal 198M rotl meadptoambng seediinisentire
removal; and it is unlikely cattle would have left only the lowest lines of trees ungrazed. Today, the
wave of shorewardnfill has consolidatedMangrove cover by catchment increased by26%%
(overall 128%) betweethe early1950sand 2009, with rates higher pi®78 than post978(Table 1

and Appendix B Greatest expansignO1 0 0 %)  d 12009tnog platednsTé Buna/Poukoura and
Kerikeri inlets, Veronica Channel, the Waikare/Waikino waterways, and especially Parekura Bay.

Table 1 Surface area (ha) of mangroves in the Bay of Islands in 198883 (orthorectified images given in
Appendix 2) compared with 2009(Booth 2020) Grey indicates estimates of mangrove cover by Swales et
al. (2012) for 1978 and 2009, with close alignment between the two independent estimates for 200%41
ha [present study] and 1169 ha (which includes the two values below in ghcolumn). ltalicised entries
reflect different geographical groupings. *, incomplete dataj, uncalculatable. Rounding has led to minor
inconsistencies

Waterway Present study Swales et al. (2012’

195053 2009 Increase 1978 2009 Increase
ha ha ha % %yl ha ha ha % %y!

Te Puna & Poukoura 34 101 67 197.1 3.3 85 103 18 21.2 0.7

inlets

Kerikeri Inlet 48 96 48 100.0 1.7 80* 97 - - -

Veronica Channel 119 260 141 1184 2.0 222* 245 - - -

Kawakawa & Karetu 85 131 46 54.1 0.9 - - - - -

rivers

Waikare Inlet & Waikino 197 508 311 157.9 2.7 - - - - -

Paroa & Manawaora 14 25 11 78.6 1.3 - - - - -

bays

Parekura Bay 9 33 24 266.7 4.5 - - - - -

ALL Bay of Islands 506 1154 648 128.1 2.2 - 1169 - - -

Kawakawa, Karetu, 282 639 357 126.6 21 615 666 51 8.3 0.3

Waikare & Waikino

Paroa, Manawaora & 23 58 35 152.2 2.6 40 58 18 45.0 1.5

Parekura

The predominant biophysicéedback pattern of mangrove expansion in the Bay of Islands is well
exemplified by an embayment in southeastern Parekura Bay (Riguséth other examples listed in
Appendix4). Mangroves were present in the eda820s A distinct linethat waswell-established by

the time of the first aerial imad&951) wasfollowed by rapid infilling of new recruits and consolidation
during the latel970s to the 199084eagre knowledge concerning mangrove age and growth means
thattheperiodof propagule recruitment that had led to tinéial line of mangrovsis difficult to judge
However based on an average crown diameter in 1951 of 7.5 m (SD 1.8 m, from the orthorectified
imagery), and using the aerial imagery to estimate tima f@w recruit to reach 7.5 m diameter (~55

y), 1890 1910 may be a reasonalgigtimate
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Figure 17: Changes in mangrove cover in Parekura Bay, 1922009,the red-boxedmangroves in 1922 and
1942 presumably representing the tredine visible by 1951 (Booth 2020) During rapid infilling and
consolidation of new recruits, individualinitial trees remained discernible.

2.3 Syrthess

It appears likely in prdiuman times that mangroves, although widespogasgheltered shores tife
Bay of Islands, were muetmore restricted to freshwater soursegh as rivers and streathsinthey
aretoday(Booth 2020. Major expansion in footprint e other soft shorahentook place over many
decades of the twentieth century.

Key to explaining this spatial explosion of mangroves in the Bay of Islands was establishment by the
early-1950s of narrow lines of trees near and slightly aldwiétide level on sheltered shoreghe

general similarity in size suggssi reasonablgliscrete recruitment episogBooth 2020) It seems

l' i kely some 6window of opportunitydo (Balke et al
events coinicled to ensure establishment of this early wave of recruitment along kilometres of sheltered

soft shore (A possible sguenceis offered in Table 3 Decades later, from the 1970s, the silt
accumulating among the roots and pneumatophores of the foundesghiad become sufficient to

sustain the infilling and consolidation of mangrougshore

This biophysicafeedback interpretation is similar that applyingin parts of southeast Australia
(Saintilan et al. 2014)ut contrasts with the Firth afhames (250 km soutdf the Bay of Islands In

the Firth of Thamesmangroves occupied mudflats once the shore had reached sufficient elevation in
the intertidal Lovelocket al. 2007; Swales et al. 201B)ay o f upperliskzeleckd shores with

soft substrates will almost certainly continue to accrue sediment in a manner similar to the Firth of
Thamespotentiallyleading to furthealongshoreexpansion of mangroves that can potentially fill every
void (aut hor 6s . Apparantytherefoi® besy-dijferent establishment regimegply in
differentparts of the countryPossibly, in constrictedplaces like theestuaries and sheltered shores of
theBay of Islandsoverarchinglriving mechanismsuch asevere floogventshavehadgreater impact
thanis possiblein morphologicallylessconstrained places like the Firth of Thamiss leading to
biophysical feedbacks strongly influéng sedimentation and the resulting geomorphology.
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Table 2 Possiblesequentialcontributors leadingto the establishment(likely around 1900, and subsequent
consolidation, of mangroves on sheltered soft shores of the Bay of Islands.

1 Warming air and seemperatures associated with the end of the Little IcehgHed to
increased plant vigour;

2 Vast volumes of soil destabilised as a resulthefland clearances of ¢hlate1800s/early
1900s reaclhe marine environment;

3 Particularlybountiful promgule productioroccurs

4 One or more exceptionally wet and fierce storms result in wholesale depositioralufril,

shorelines (g., Swales et al. 2012: 585);

Calm conditionsensueallowing propagules to establish;

This is followed bya quiescent period of yediia proppgule-production, sikdelivery and/or

waveaction) when few further mangroveare added to the nowstablished line o

recruitment;

7 Mangrove growthis facilitated by substantial quantities of nitrogamd phosphoru
emanating from farming activities.g.,Lovelock et al. 2007);

8 Finally, seedlings spread alongshore arddinaining niches.

o U1

2.4 Persistingthreas

Mangrove forests in New Zealand are potentially affected by 25 significant threats (MacDiarmid et al.

2012: 43): two are extreme (rise in degel due to climate change, and reclamation); one is major
(causeway construction); and another 14 are moderbadl, €ealevel rise appears to ieeimmediate
significantthreatto Bay of Islandémangroves

Ironically, it seems thamangrovedodaypresent a greater threat to other native biodiversity than they
are themselves threatendd.an ongoing ecological cascadke enormous expansion in mangrove
cover that has taken place in the Bay of Islands over the past centuryhas smpinged on
threateneftare habitats such as saltmarsh, uppershore caans#shell beaches and spits, and
(probably) intertidal seagrassSimultaneously, previouslgr oduct i v e shell ysh
destroyedthrougd e posi ti on of yne silt.

3. LOSS OFSALTMARSH

Saltmarshs thebiodiversebuffer between fully terrestrial vegetation and the intertidal flatetaewn
the shorelts areal coverhasreduced as mangrovhavespreadshorewarde.g., Figurel8). Swales et
al. (2012) estimated12% loss of Bay of Islands saltmatsttween 1978 and 2009 (Table Buttotal
loss over the longer term will have been far greater. For example, there was 78¥skigmarshn
Whangaroa Harbour (40 km north) betwe®@9 and 1981Morrison et al. 2014).
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Figure 18 An example of mangroves advancing into saltmarsh habitatThe mangroves(indicated in
yellow) lining the edges of these tidal reaches of Karetu River appead thicker and more continuous in
2009 (right, Ocean Survey 20/2Pthan in the early-1950s (leff NZ Aerial Mapping Ltd image549-76).

Table 3. Estimates of surface area (ha) of saltmarsh in the Bay of Islands in 197184 Aerial Mapping Ltd
images)compared with 2009 Ocean Survey 20/2p(Swales et al. 2012, usinteir individual tables rather
than their Table 3-12) (Booth 2020) *, incomplete data;-, cannot be calculated

Compartment 1978 2009 % change Habitat change
since 1978 % yr)

1 Te Puna & Poukoura 15.6 14.0 -10.5 -0.3
2 Kerikeri 19.4* 12.7 - -
3 Veronica Channel 18.3* 214 - -
4 Kawakawa, Karetu, Waikare & Waikino 254.4 219.7 -13.6 -0.44
5 Paroa, Manawaora & Parekura 9.2 10.1 9.4 0.3

TOTAL BAY OF ISLANDS (indicative) 316.9 277.9 - -
3.1Persisting threat

Saltmarsh habita&e affected by3 significanthreatgMacDiarmid et al. 2012: 43yvith two extreme
(reclamation and rise in sea level causedlbyate change Major threats ee theeffects of causeway
construction, increased sediment loading of rivansl oil pollution anda further 1Care moderatef-or

the Bay of Islandsnangrove expansios probablythe predominanimmediatethreat the saltmarsh
being essentially locked from landward expansion by infrastructure such as roads and si{@ppanks
Figure 18)
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4. LOSS OF UPPERSHORE COARSFAND/SHELL BEACHES AND SPITS

Mangrove expansion haserwhelmed the noware uppershoreoarsesand/shell beaches that had, at
least until the earhl950s, comprised the margin of many soft, upper shores of Bay of Islands estuaries
and sheltered embaymengsd.,Figure 19)(Booth 2020)

Figure 19: Much of the coarsesand/shell beach, and the entire spit, in this embayment in the eastern Bay
of Islands has been obliterated in the course of shoreward expansion of mangroves, between 1951 and 2009
(images from Figurel7).

These higkshore beaches amits associated with essentially evptgcewherefreshwaterstreams

flow out onto soft sheltered shoréag., Figures 19 and 2Q0yere most readily distinguished in the
earliest (mainly earh1950s) synoptic aerial imagergut, even then, most of the small spits (<50

long) were already too overgrovumith terrestrial vegetatiomnd mangroveso be obviougBooth

2020) Nevertheless, these images formed the baseline from which to estimate the extent of subsequent
loss of this bdme, with Kerikeri Inlet being considered representative of the entire Bay of Islands.

Figure 20: A typical coarsesand/shell spit, in Waikino Creek, with freshwater marsh to the left, and
mangroves invading fromestuarine waters tothe right. (Image: author)

In mid-Kerikeri Inlet, 2.04 km of the sand/coarsieell beaches (58% of the total length of such shore
that wasstill relatively intact in the 1951 images) had been overwhelmed by mangroves by 2009, and
all of the nine obvious, ecologicallyistinctive sfts overrun (with other smaller, essentially
unperceivable spits invadéadb) (Appendix5).
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Theintertidal of suchshores today are often feeding grounds for Hikdsthe endangered NZ dotterel
Charadrius obscuruand variable oyster catchelaematopus unicoloBut the shoreward expansion
of mangrove cover means there are no longer nesting opportéimittbemabove highwater level on
these beachednstead, birds must nest gverdiminishing areas of intactand/shell uppershore
elsewhere, which is often where people with their pets gather.

4.1 Persisting threat

Few coarsesand/shell beaches and spits rematact and accordinglythey are considered among
themostat-risk marine ecosystem€lement Lagrue, Department of Conservation, pers. comm).2020
Threatgo themaresimilar to those affecting saltmarsfiangrove expansion (now mostly alongshore)
appears to béhe mainimmediatethreatto this biomein the Bay of Islandsterrestrial vegetation
invadingthesebeaches and spits is usually easily managed and presedetssfiongterm menacéhan

do mangroves

5. INUNDATION OF OYSTER REEFS

There has been ~85% loss globally of natural oyster reefs and beds (Be@0&t gl many of them
intertidal. NortherANew Zealand oyster reefs today are comprised of both the native rock oyster and
the Pacific oysteiRock oysters extend furthest up the shore and Pagiies furthestdown (Morrison

et al. 2014a: 4%1), at leas nativerock oysters apparentlyeingexcluded from the subtidal through
infestations of spionid polychaete (mud) wormsg).(dHandley & Bergquist 1997Y.he oysters can be
present orstonysurfaces amid mudflats, or form reefs on top of mud.

Oysters (prel970, the rock oyster alonbaveformed intertidal biogenic reefgh the Bay of Islands
(e.g., Figure 21). The oyster reefs tend not to show well in aerial imagery through there being little
colourcontrast with surrounding substrates and because thehaedsoften beesmall (<50 m).
Nevertheless, aerial images (from the ed@¢0s onward), early charasd recent field observations
provide a sense around changes in the presence and extent of intertidal oystéthed&ay themain
focushavingbeenKerikeri Inlet.

Figure 21: The largest oyster reef in Kerikeri Inlet today (~1000 ) lies off Hororoa Point (Figure 22).
(Image: author)

Humanmade rockoyster rock reefs associated with @rsterenhancement initiativin the first half

of the twentieth centurwere prominent on various intertidal shores of the Bay of Islands, and remain
visible in many places (Booth 2017). They tend to show well in aerial imagery because of the mainly
dark, basaltic rock used, and the ordered lines or groups of rocks.
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5.1 Natural g/ster reefs

Almost certainly, oyster reefs would have béanmore prominent in Bay of Islands estuaries in the
past tharin recent timesThetwo significantareas obyster reefn Kerikeri Inlet today are associated
with the extensive mudflatsfoflororoa Point/Skudders Beach (Fig@ée Appendix6). Comprisedf
tightly-packed mainly-large &80 mm long) dead but stillarticulatedindividuals the proportions of
rockversus Pacific oysteereunknown Thesetwo areasappear to havalsobeenthe only significant
beds visiblen the earliest images (1942; Appen@ix possibleothers being difficult to distinguish
with confidencg. The larger be¢~1000 n?; 6 1 GFigura®?2) is alongside Middle Channdlhe smaller
one( 6 B dpptream of Hororoa Poianhdis comprised of mumber ofsmall patcheghat are probably
supported by shingl@Vatkins 1974)

Pickmere Channel
.
Middle Channel

Hororoa Point

Figure 22: The two significantoyster reefs(1 & 2) remaining in Kerikeri Inlet ( left) are of tightly-packed,
mainly-large (>80 mm long) individuals many dead but still articulated (right). (Map and image: author)

5.2 Persisting threat

Intertidal reefs in harbours and estuaries are affected by 51 significant (MaeBiarmid et al. 2012:

44), they beingextremely vulnerable to the effects of ocean acidification, sedimentation, invasive
species and reclamation. Major threats include rise idesed increased sea temperature, shellfish
gathering, increased stommeiss, altered rainfall, UV increase, change in curreamd causeway
construction. Afurther 28 threatswvere considerednoderateFor Kerikeri Inlet,it is remarkable that

any of the oyster reefs persistyondthe main channelgjiven the levels afedimentationalong the
inletd snargins possibly ongoing spat settlement on top of odt oysters maintains these beds
Continuing sedimentatiois the immediate threéikely to lead to further lossesf reefs

5.3Human-made rockoyster reefs

Thesewereestablishedlongvarious intertidal shores of the Bay of Islands inghdy to mid-1900s
in what wagthe first serious attempt at marine fishery enhancement in New Zdelgndrigures 23

and24). Rocks for oyster spat to settle arereaccessed mainly from Te Puna Inlet alistributed
widely on softbottom seafloorsroundthe Bay of Island¢Booth 2017) Further,by 1916,local and
importedhigh-level oyster rocks were being moved down to -idé level,with kilometres of rock
wall established (Marine Department 1918) what hagreviouslybeensoft shores.
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Figure 23: Large area of newlylaid-out rocks in the lower reach of Kerikeri Inlet in 1922. (Photograph:
Sir George Grey Special Collections, Auckland LibrariesAuckland Weekly News AWNS1921022440-4)

Figure 24: Upper: Places whereintertidal oyster groynes, or groynes and rocks, established early in the
twentieth century were still clearly identifiable in the 2009 OcearSurvey 20/20 aerial imagesmost having
been established on softottom (Booth 20L7). Lower pair: Extensive areas of oysteigroyne clearly visible
in 1971 in Kerikeri Inlet (left image: NZ Aerial Mapping Ltd 4476-5, part of S.N. 3406) had beegreatly
reducedby 2009 (right image: OcearSurvey 20/20 AV29_3021).

6. CHANGES IN COCKLEDISTRIBUTION AND SIZE

Cocklesi withpipitar e t he prominent est ua rBoothe2020)iCackldssy s h o f
are ubiquitous, shallowurrowing bivalves of soft estuarine and sheltered shores (Morton & Miller

1968) that live from near higivater mark tadhelowestintertidal. They aréoundmost abundantly (up

to 4500 M?) in sediments witlD11% mud (Anderson 2008; MPI 2018). Cockles are ecosystem
engineers, creating, modifying and maintaining habitats (Gutiérrez et al. 2003). (For estiegtial

biology, seeBooth 2020: 9.) Kerikerinlet and Waikino Creek/Waikare Inlet were the main focus for

detailed assessment of changes in the characteristics of cockle populations over the past two centuries,
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