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Abstract

We present a data-derived, ecosystem mapping approach for the global ocean as commissioned by the Group on Earth Obser-
vations (GEO) and as a contribution to the Marine Biodiversity Observation Network (MBON). These ecological marine units
(EMUs) are comprised of a global point mesh framework, created from over 52 million points from NOAA’s World Ocean Atlas
with a spatial resolution of 1 by 1 degree ( 27 x 27 km at the equator) at 44 varying depths and a temporal resolution that is
currently decadal. Each point carries attributes of chemical and physical oceanographic structure (temperature, salinity, dis-
solved oxygen, nitrate, silicate, phosphate) as likely drivers of many marine ecosystem responses. We used a k-means statistical
clustering algorithm to identify physically distinct, relatively homogenous, volumetric regions within the water column (the
EMUs). Backwards stepwise discriminant analysis determined if all of six variables contributed significantly to the clustering,
and a pseudo F-statistic gave us an optimum number of clusters worldwide at 37. A major intent of the EMUs is to support
marine biodiversity conservation assessments, economic valuation studies of marine ecosystem goods and services, and studies of
ocean acidification and other impacts. As such, they represent a rich geospatial accounting framework for these types of studies,
as well as for scientific research on species distributions. To further benefit the community and facilitate collaborate knowledge
building, data products are shared openly and interoperably via www.esri.com/ecological-marine-units. This includes provision
of 3D point mesh and EMU clusters at the surface, bottom, and within the water column in varying formats via download,
web services or web apps, as well as generic algorithms and GIS workflows that scale from global to regional and local. Work is
in progress to delineate EMUs at finer spatial and temporal resolutions and to include ocean currents and various biodiversity
observations. A major aim is for the ocean science community members to move the research forward with higher-resolution
data from their own field studies or areas of interest, with the original EMU project team assisting with GIS implementation

(especially via a new online discussion forum), and hosting of additional data products as needed.



OD24B-2/123 DOl 10.5670/0ceanog.2017.116

Dawn J. Wright!,2, Roger G. Sayre3, Sean Breyer!, Kevin A. Butler!, Keith VanGraafeiland?, Mark J. Costello#, Kathy Goodin>, Maria Kavanaugh?, Noel Cressie®,
Zeenatul Basher3, Peter T. Harris’, John M. Guinotte8

Ecological Marine Units

as a Framework for Collaborative Data Science and Knowledge Discovery

! Environmental Systems Research Institute (aka Esri), Redlands, CA 92373, USA, dwright@esri.com; 2 College of Earth, Ocean, and Atmospheric Sciences, Oregon State University,
Corvallis, OR: 3US Geological Survey; 4 University of Aucklund, New Zealand; 5 NatureServe: 6 University of Wollongong, Australia; 7 GRID-Arendal, Norway; 8 US Fish and Wildlife
Service

We present a data-derived, ecosystem mapping approach for the global ocean as commissioned by the Group on Earth Observations (GEO)and  To further benefit the community and facilitate collaborate knowledge building, data products are shared openly and interoperably via

as a contribution to the Marine Biodiversity Observation Network (MBON). These ecological marine units (EMUs) are comprised of a global point ~ www.esri.com/ecological-marine-units. This includes provision of 3D point mesh and EMU clusters at the surface, bottom, and within the water

mesh framework, created from over 52 million points from NOAA's World Ocean Atlas with a spatial resolution of 1 by 1 degree (27 x 27 km at  column in varying formats via download, web services or web apps, as well as generic algorithms and GIS workflows that scale from global to

the equator) at 44 varying depths and a temporal resolution that is currently decadal. Each point carries attributes of chemical and physical  regional and local.

oceanographic structure (temperature, salinity, dissolved oxygen, nitrate, silicate, phosphate) as likely drivers of many marine ecosystem Work is in progress to delineate EMUs at finer spatial and temporal resolutions and to include ocean currents and various biodiversity

responses. We used a k-means statistical clustering algorithm to identify physically distinct, relatively homogenous, volumetric regions within the observations. A major aim is for the ocean science community members to move the research forward with higher-resolution data from their

water column (the E.M.Us). Backwards sicepwwe discriminant analysis det.ermlned if all of six variables contributed significantly to the clustering, own field studies or areas of interest, with the original EMU project team assisting with GIS implementation (especially via a new online
and a pseudo F-statistic gave us an optimum number of clusters worldwide at 37. discussion forum), and hosting of additional data products as needed
A major intent of the EMUs is to support marine biodiversity conservation assessments, economic valuation studies of marine ecosystem goods
and services, and studies of ocean acidification and other impacts. As such, they represent a rich geospatial accounting framework for these types

of studies, as well as for scientific research on species distributions. Surface Area (million km?2)

Results o

EMUs at depth

. 100 200 300
S
£ ‘ O
OXYGEN CHEMICAL CONTENT The result is a standardized, rigorous, and ecologically - , O
e'l: O S DEPTH TEMPERATURE CONTENT SALINITY  Nitrate  Silicate  Phosphate meaningful set of ocean ecosystem units which may be a <
Superchilled Highly Oxic Low Low Low Low used as a basemap alongside an organization’s own GIS 7 i
Superchilled Highly Oxic Normal | Low Low Low ov.erl.ays for.climate chahge impac.ts studie;, biodivgrsity =
The EMU resource is comprised of " Superchilled Highly Oxic ol | L Lo Lo priority-setting, ec.onomlc.and soqal valuation studies,
5 alobal o _. research, and marine spatial planning. 200
global point mesh framework, T . . :
. S Cold Oxic Normal | Medium Low Low , , , G O
created from 52,487,233 points T | . I The two-dimensional global area (km2) at any depth is O
from the NOAA World Ocean ~ n Moderate to Cool | Oxic Normal | Low SO Loy shown for the 22 EMUs that comprise 99% of the ocean 400 0 <
Atlas; spatial resolution is ¥2° by V4° - Moderate to Cool Oxic Normal | Low Low Low volume (while the remaining 15 are small, shallow, and o
o) vary.ing .depth; temporal = n Moderate to Cool | Oxic Normal | Medium Low Low coastal, and collectively represent only about 1% of the 600 9)
resolutpn is currently decadal; | suscrdillled Oxic Normal | Low Low Low ocean volume). The horizontal boundary lines separating 800 '—'2—'
each point has x, y, z, as well as six , , , , the depth zone classes correspond with the Coastal and 1000
attributes of chemical and physical Superchilled Oxic Normal | Medium  Medium  Low Marine Ecosystem Classification Standard (CMECS). The 1200 £
oceanographic S’Frgctur.e Very Cold Oxic Normal | Medium Low Low global distribution of EMUs is also shown at 8 depth
(temperature, salinity, dissolved Warm to Very Warm | Oxic Normal | Low Low Low intervals. Jale o O
xygen, hltrate, glllcate, phosphate) Warm to Very Warm | Oxic Normal | Low Low Low 1600 G
that are likely drivers of many . . 1800 I
ecosystem responses. Warm to Very Warm| Oxic Normal | Low High Low 0 -
o
We .implemented a k-means | % Moderate to Cool Hypoxic Normal | Medium Low Low 14) E
statistical clustering of the point '-'>J Very Cold Oxic Normal | High Medium Low 3 |<_[
. . . =
me;h toto |o!ent|fy physically - Very Cold Oxic Normal | Medium Low Low 3000
distinct, relatively homogenous, N . .
volumetric regions in the water = Cold Severely Hypoxic | Normal | High Low Low
column. Calculation and inspection Very Cold Severely Hypoxic | Normal | High High Medium 4000
of the behavior of the pseudo Very Cold Severely Hypoxic | Normal | High Medium Medium | oY
F-statistic suggested the 2 g
identification and mapping of 37 2 o Very Cold Hypoxic Normal | High High Medium s W e M seqin M i 5000 & o
environmentally distinct 3D regions I%J ~ Very Cold Oxic Normal | High High Low U 16 Surimiei Sefishe: 6 < a
(candidate ‘ecosystems’) within the o Verv Cold Oxi N | Medi L L
water column. - Iy = AUE ol SeliEinn O O Minimum | Mean | Maximum | Standard Dev.
Temperature (°C) 4.66 9.83 24.2 2.26
Salinity (unitless) 33.63 34.78 36.94 0.3 Technical name
. World Ocean Temperature (°C) Bliesalvzd Sryaen (umalil) 0.03 156 355 0.87 . Common Name
Feature Attributes Atlas 30.3°C Nitrate (pmol/I) 9.87| 30.84| 43.71 42 e Bathypelagic e Deep
Om QSTn) ----------------------------------- 0Om : ' Phosphate (umol/I) 1.26 2.28 3.36 0.31 e Very Cold e Very Cold
Depth Level == 1(-) — _— Sl Silicate (pmol/I) 6.75| 31.96 96.02 12.38 e Fuhaline e Normal Salinity
Temperature \\2-5_m—j EMU 3D e | (ppm) o Hypoxic e Low Oxygen
Sel it — m Point Mesh l’/l EMU 10 41 3 EMU water volume (km3) | 45,669,990.26 o High Nitrate ~ High Nitrate
Dlissalved Gsyger = = Framework HMO Percent of EMU to Global 3.34% o Medium e Medium
Nitrate : : Unit Top Unit middle median (m) 390.89 Phosphate Phosphate
Sl t 100 m — | ... Ur-]_-{' :__Tl Thickness mean (m) 339.64 ® H|gh Silicate PY ngh Silicate
Ilicate ' 2
Phosphate e DMlddle§
— —— Unit Bottom ’ 11.6 10.3
MODIS ocean color = = mol/I mol/I ’ i /
. R T T 7900 m Phosphate Dissolvec O U J[ 1ON TOr 1OCA -ES S
PointlD Oxygen
QuarterlD Nitrate :
. | 56.1 umol/l Global EMUs Monterey Bay Hi-Rez EMUs
SIS (i) EMU 3D Point Mesh Framework M
UnitMiddle (m) ... are built on % degree grid ... are built on a user-defined 500m
UnitBottom (m) 2 40 N ;)?S-jopli“e‘;'/' from the World Ocean Atlas grid from the World Ocean Database.
Thickness (m) é 30 \\ OPGEEn ... have 135 vertical cells ... have 87,000 vertical cells
ThicknessPos (m) \E 20 \ | A/~ The shallow area has 3 EMUs ... have 5m spacing to 500m depth
I Y ) S ‘AW—\
e 9 10 The deeper area has 5 EMUs ... have 100m spacing to >500m depth
EMU Name -
v i There are no EMUs in the bay
al
Greemerpielegyese 10 20 30 40 50 60 70 80 90 Use NOAA Select
GeomorphologyFeatures Cluster Number to produce <)
SurfaceArea A plot of the pseudo-F statistic (y axis) against the requested number of clusters (x axis) in successive iterations frorfi TR SOUTEE € R T Soint visualization \/\/O rk][‘ OW > | 3D Viz Range Slider
Volume, SpecialCases 2 to 100 clusters, incremented by one for each successive iteration. The red vertical line at 37 indicates an optimum = = Extract,. = — & analysis Integration & Analysis
number of clusters. — __| _ standardize > — —
— — and correct  — — ——
— . O Lcorvations — Perform 3D 3 . pseudo-F
z ¢ ;glEENCE Create interpolation |_| - . pick best #
2 “‘/4 OF éll:)(Bj Casts posgib|e — 3D Mesh g & attach —| EMU . e FUnN analysis
science for a changing world WHERE " I\/IEISTe(rizEa)satZa e — to mesh Custering - evaluate





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


