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Material and Methods 

Study systems and data availability. We chose systems to represent broad temporal and spatial 
gradients of human impacts, diverse geographical locations, and for available palaeontological, 
archaeological, historical, fisheries, and ecological data on individual species, water quality, and 
invasions (see Table S1 for references). For comparability, most study systems were located in 
the temperate zone. The systems varied widely in size and geological origin, which we defined 
as the time when the system reached its present shape (Table 1, Table S1 for references). To 
compare background biological characteristics, we compiled data on primary productivity and 
fish species richness (as a proxy for overall species richness) by Large Marine Ecosystem (LME, 
Table S1, S1). We determined human population size (HP) for all provinces and countries 
bordering the study systems (Table S1), and calculated HP total, HP density = HP total / system 
size, and HP growth rate = HP total today / HP total at the beginning of the Development period 
(Table 1, Table S1 for references). 

Real time and cultural periods. We recorded all species, water quality, and invasions data by 
real time and grouped them into seven cultural periods reflecting stages of cultural and market 
development (Table S2) rather than calendar dates (Table S3). Real-time data were used to 
compare the onset and timeline of human-induced changes among systems affected by differing 
human occupation histories. Cultural-period data were used to compare the magnitude of 
ecological changes across periods of similar technology and market conditions independent of 
calendar timing. All cultural periods occurred at all study sites except for a missing Agricultural 
Period in the Gulf of St. Lawrence, Outer Bay of Fundy, Galveston Bay, San Francisco Bay, and 
Moreton Bay (Table S3). 

Species records and relative abundance analysis. We compiled records on the distribution, 
abundance, size and extraction of marine and estuarine species that have historically been of 
major commercial, structural, or functional significance. Our review of >800 primary data 
sources, which included peer-reviewed scientific journals, government and non-governmental 
reports, and web-based sources, yielded an average of 66 sources per system (see Table S1 for 
references). Data availability and species-specific detail varied among study sites and historical 
periods. It was not our aim to include as many species as possible, but instead to compile 
consistent information on a representative set of important species within each ecological guild, 
and taxonomic and functional group. 



 

We used quantitative and qualitative records to estimate relative abundance for each species over 
time (Table S4). Relative abundance in the pre-human period was defined as pristine (=100%), 
and calculated in subsequent periods as abundant (=90%), depleted (=50%), rare (=10%), or 
extinct (=0%) (Table S4). Recovery was defined as partial when increasing from 0-10% to >10% 
and substantial when increasing from 0-10% to >50%. To standardize across species, we 
converted absolute abundance estimates into relative abundance categories where such estimates 
were available. This approach was conservative, as relative abundance estimates were 
underestimating the true decline relative to absolute abundance records.   

We quantified changes in 30-80 single or multiple species per system (average 48) (Table S5). In 
some systems detailed historical records for single species were limited, whereas records for a 
group of species such as ‘large whales’, ‘dolphins’, ‘geese’, were abundant. For consistency 
through time, we maintained these groups as ‘multiple species’ (marked underlined in Table S5). 
Where more detailed species records became available for recent times, these single species were 
considered within multiple species (marked with * in Table S5).   

Species records were standardized into 22 ecological guilds (Fig. 2), six taxonomic groups 
(Mammals, Birds, Reptiles, Fish, Invertebrates, Vegetation, Fig. S2A), and seven functional 
groups (Large Carnivores, Large Herbivores, Small Carnivores, Small Herbivores, Suspension 
Feeders, Submerged Aquatic Vegetation, Wetlands, Fig. S2B) (Table S5). ‘Large’ carnivores or 
herbivores were those with >1m maximum body length. Some guilds, such as ‘Waterfowl & 
Waders’, were split into large and small, carnivores and herbivores before assignment to 
functional groups (Table S5). We were able to compile data for almost all guilds in all study 
systems (Table S6), all functional groups, and all taxonomic groups except reptiles, which were 
missing from higher latitude systems. 

We analyzed the historical trajectories and present states of relative abundance in all systems 
(Fig. 1, S1) using two alternative ways. First, we calculated the average of each guild within each 
taxonomic group (Table S6), the average of each taxonomic group, and the arithmetic and 
multivariate (principal component analysis, PCA, see below) mean across the six taxonomic 
groups (Fig. 1 A, B; S1A, B). Second, we calculated the average of each guild within each 
functional group, the average of each functional group, and the arithmetic and multivariate 
(PCA) mean across the seven functional groups (Fig. S1C, D). The present states of relative 
abundance in each study system represent the endpoints of the historical trajectories (Fig. 1E, 
S1E-H). We compared trends of ecological groups across study sites by calculating means and 
standard errors (n=12) for all guilds (Fig. 2), taxonomic and functional groups (Fig. S2). 

We used principal component analysis (PCA) to evaluate the robustness of our results from 
arithmetic means, as described in detail by Pandolfi et al. (S2). For this analysis, we added a 
single degraded system with all taxonomic or functional groups set as rare (=10%). All cultural 
periods are represented in all study systems except five systems lacking the Agriculture period 
(Table S3). We computed the multivariate statistics for those 80 system-period combinations 
where cultural periods occurred at individual study sites. For the functional group analysis, all 80 



 

system-period combinations were described by seven functional groups with no missing values, 
whereas for the taxonomic group analysis, marine reptiles were absent from six systems (see 
above). These missing data slightly offset values of PC1 loadings for these systems (Fig. S1A), 
but did not change overall trends. The PCA was calculated on the dispersion (variance-
covariance) matrix because the descriptors are dimensionally homogeneous. To focus the 
analysis on the relative position among systems rather than among taxonomic or functional 
groups, eigenvectors were normalized to 1. Thus, we preserved the Euclidean distances among 
the system-period combinations in the reduced space and the six taxonomic or seven functional 
groups could then be used to help explain the patterns in the systems. A scree plot of eigenvalues 
versus PC showed that only the first Principal Component (PC1) was significant for the 
taxonomic group analysis (λ1 = 4508, λ2 = 275, λ3 = 173), explaining 87.9% of the variance, and 
the functional group analysis (λ1 = 5015, λ2 = 338, λ3 = 237), explaining 85.4% of the variance. 

Water quality records. Historical trends in water quality were calculated from sediment cores 
(4 systems) and long-term hydrographical records (6 systems, Table S1). We used different 
proxies to estimate relative increases in sediment loading, nitrogen and phosphorus loading, 
primary productivity, abundance of eutrophic plankton, decline in epiphytic diatoms, and the 
extent of oxygen depletion over time (Fig. 2G, Table S7). The earliest record in each data set was 
used as a baseline and set as 1, and subsequent records were calculated as relative changes over 
this baseline. 

Invasive species records. We recorded the cumulative number of marine and estuarine species 
invasions over time (Fig. 2H) from available data sets in five study systems (Table S1, S8). We 
also recorded the current number of established invaders by taxonomic group for seven study 
systems (Fig. 3B, Table S1, S8). Taxonomic groups included Mammals, Birds, Reptiles, Fish, 
Invertebrates, Macroalgae, Higher plants, Phytoplankton, Protozoa, and Viruses & Bacteria.  

Causes and consequences of change. We recorded all human impacts that were historically 
responsible for changes in species abundance (see Table S1 for references on species). These 
included exploitation, habitat loss, pollution, human disturbance (e.g. trampling, beach use), 
disease, eutrophication, introduced land predators (mainly raccoons and foxes), invasive species, 
and climate change (Fig. 3A). We then calculated both the proportion of all species depletions 
(<50% abundance) and extinctions (0%) caused by different, often multiple human impacts and 
the proportion of species recoveries explained by the reduction of different human impacts. 

We assessed shifts in diversity by comparing losses and gains among different taxonomic groups 
(Fig. 3B). Losses included the proportion of recorded species currently depleted (all species 
<50% relative abundance), rare (<10%), or extinct (0%). Gains included the proportion of 
recorded species currently recovering and the number of current species invasions (see above).  
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Fig. S1. Alternative measures for historical trajectories and present states. Trends of relative abundance calculated 
as (A) arithmetic and (B) multivariate (PCA) mean of six taxonomic groups, and (C) arithmetic and (D) multivariate 
mean of seven functional groups over seven cultural periods (see Fig. 1). Present states are ranked by (E) arithmetic 
and (F) multivariate means of six taxonomic groups, and (G) arithmetic and (H) multivariate means of seven functional 
groups. Color codes for all graphs refer to the 12 study systems as depicted in panel E. 
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Table S1. Overview of data availability and references for the 12 study systems and their corresponding 
Large Marine Ecosystem (LME, S1). HP = human population. Water quality data were compiled from 
sediment cores (Core) and long-term hydrographical records (Hydro) if available (see Table S7 for 
details). Records of species invasions were compiled over time (Time) and by taxonomic group (Taxa) 
(see Table S8 for details). References for species records are grouped by study system, a full list of 
species considered can be found in Table S5.   
 

System LME Size Origin HP* Water quality Invasions Species
     Core Hydro Time Taxa  

W. Baltic Sea Baltic Sea S1 S8 S23-25 S51-55 S61-63 S77 S77 S85 
Wadden Sea North Sea S3 S9 S23-26  S64-67 S78 S82 S86 
N. Adriatic Sea Mediterranean S4 S10 S24-25 S56 S68-70  S83 S87 
S. Gulf St. Lawrence Scotian Shelf S5 S11 S27-29  S71   S88 
Outer Bay of Fundy Scotian Shelf S6 S12 S28-30   S79 S79 S89 
Massachusetts Bay NE US Shelf S6 S13-16 S31-34     S90 
Delaware Bay NE US Shelf S6 S17 S31,35-36     S91 
Chesapeake Bay NE US Shelf S6 S18 S31,37-41 S57-59  S80 S80 S92 
Pamlico Sound SE US Shelf S6 S19 S31,42 S60    S93 
Galveston Bay Gulf of Mexico S6 S20 S31,42    S84 S94 
San Francisco Bay California Current S6 S21 S31,43-44  S72-73 S81 S81 S95 
Moreton Bay E cent. Australian 

Shelf 
S7 S22 S45-50  S74-76   S96 

*Countries or provinces included for population counts: 
- Baltic Sea: Sweden, Finland, Estonia, Latvia, Lithuania, Poland, Denmark  
- Wadden Sea: applying current ratio Wadden / North Sea population to North Sea data: Norway, Denmark, 

Germany, Netherlands, Belgium, Luxembourg, United Kingdom 
- Adriatic Sea: Italy, Yugoslavia, Albania, Greece 
- Gulf of St. Lawrence: New Brunswick, Quebec, Prince Edward Island 
- Outer Bay of Fundy: Charlotte County 
- US estuaries: All counties bordering saline waters of the estuary  
- Moreton Bay: Brisbane, Moreton, Ipswich 



 

Table S2. Definition of cultural periods based on human presence, technology and market conditions. 
 
Cultural Period Human presence, technology, market conditions 

Pre-human No human presence; only natural disturbance of ecosystems 

Hunter-Gatherer Pre-market; low population numbers; seasonal settlements; individual resource use; 
 subsistence exploitation 

Agricultural Pre-market; low population numbers; permanent settlements; individual or village-based  
 resource use; subsistence and artisan exploitation 

Establishment Establishment of local economy and market; European settlement in the new world; 
(Market / Colonial) low population numbers; trade between colonies and empire home countries; mostly  
 products needed to survive 

Development Strong growth and expansion of economy, market and trade; rapid population rise;  
(Market / Colonial) commercialization of resource use; development of luxury and fashion markets especially 

affecting birds (feather trade), mammals (whale baleen, seal and otter furs, walrus ivory), 
and reptiles (turtle shells, crocodile skins); onset of industrialization and  technological 
progress; mass-killing of mammals and birds with guns; fishing mostly inshore and 
seasonal with selective and non-destructive gear (e.g. hook and line, light trawls towed by 
sail boats over soft bottoms) 

Early Global Global economy and market develops; strong population increase; industrialization and  
(1900-1950) technological progress towards more efficient, less selective and more destructive gear 
 (e.g. motor boats, steam trawlers) accelerating exploitation, by-catch, and habitat  
 destruction; increasing fishing effort; fishing possible in any season but still mostly inshore  
 and coastal 

Late Global Global economy and market; increased industrial fishing (especially after World War II)  
(1950-2000) extending offshore and towards the deep sea; multiple unselective and destructive gears  
 (otter trawls, purse seines, long-lining, rock-hopper gear, etc.); all habitats are being 
 fished, all fish are detectable; mass- fishing; other human impacts increase 
 (eutrophication, pollution, fish farming); conservation efforts increase  



 

Table S3. Real time estimates (BC = negative, AD = positive numbers) for the beginning of each cultural 
period in all 12 study systems. Study systems are abbreviated as follows: Wa = Wadden Sea, Ba = Baltic 
Sea, Ad = Adriatic Sea, Fu = Outer Bay of Fundy, La = Gulf of St. Lawrence, Ma = Massachusetts Bay, 
De = Delaware Bay, Ch = Chesapeake Bay, Pa = Pamlico Sound, Ga = Galveston Bay, SF = San 
Francisco Bay, Mo = Moreton Bay. 
 

Cultural Period Ba Wa Ad La Fu Ma De Ch Pa Ga SF Mo

Prehuman >-8000 >-8000 >-100000 >-8000 >-8000 >-8000 >-8000 >-8000 >-8000 >-8000 >-10000 >-18000

Hunter-Gatherer -8000 -8000 -100000 -8000 -8000 -8000 -8000 -8000 -8000 -8000 -10000 -18000

Agriculture -3000 -3000 -6000 abs abs 1400 1200 1200 1200 abs abs abs

Establishment 0 0 -900 1600 1600 1620 1600 1600 1600 1680 1775 1824

Development 1000 1000 -500 1760 1760 1680 1760 1760 1700 1820 1820 1850

Global 1 1900 1900 1900 1900 1900 1900 1900 1900 1900 1900 1900 1900

Global 2 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950 1950
 
 

 

 



 

Table S4. Judging criteria for relative abundance estimates that integrate quantitative and qualitative 
records of abundance. 
 
Estimate Quantitative Qualitative records 

Pristine = 100 100-91% High abundance, no signs of regular human exploitation 

Abundant = 90 90-51% Medium to high abundance, regular human exploitation without  
  signs of depletion, species common 

Depleted = 50 50-11% Low to medium abundance, strong exploitation with signs of 
  depletion (i.e. at least 50% decline in abundance, catch, CPUE,  
  size, or distribution), species depleted 

Rare = 10 10-1% Low to very low abundance, at least 90% decline in abundance, 
  catch, CPUE, size, or distribution, collapse of stocks or  
  exploitation, listed on endangered species list, species rare 

Extirpated = 0 0% Locally, regionally, or globally extinct, species absent 
 



Table S5. Standardization of single and multiple (underlined) species into seven functional groups (Funct; LC = Large Carnivores, LH = Large 

Herbivores, SC = Small Carnivores, SH = Small Herbivores, SF = Suspension Feeders, SAV = Submerged aquatic vegetation, WL = Wetlands), six 

taxonomic groups (Tax; Mammals, Birds, Reptiles, Fish, Invertebrates, Vegetation), and 22 guilds. Presence in each study system is depicted as 1 = 

estimate for single / multiple species available, and * = species considered within next above multiple species group (underlined, refer to methods for 

detail). Study systems are abbreviated as in Table S3.             

Funct Tax Guild Single / Multiple species  Wa Ba Ad Fu La Ma De Ch Pa Ga SF Mo 
   Common name Scientific name             

LC Mammals Large whales Large whales    1 1   1 1 1 1 1 1  
     Gray whale Eschrichtius robustus 1 1  1 1 * *  1  *  
     Humpback whale Megaptera novaeangliae  *  1 1 * * * *  * 1 
     Northern right whale Eubalaena glacialis 1 *  1 1 1 * *     
     Bowhead whale Balaena mysticus     1        
     Fin whale Balaenoptera physalus  * * 1 1 * * * *    
     Blue whale Balaenoptera musculus    1 1 * *  *    
     Sei whale Balaenoptera borealis    1  *   *    
     Minke whale Balaenoptera acutorostrata    1 1 * *  * *   
     Bryde's whale Balaenoptera edeni          *   
     Sperm whale Physeter macrocephalus   *  1 * *  * *     

LC Mammals Small whales Porpoises and dolphins     1       1 1 1 
     Harbour porpoise Phocoena phocoena 1 1  1 1 1  1 1 * *  
     Bottlenose dolphin Tursiops truncatus 1  *    1 1 1 * * * 
     Short-beaked common dol. Delphinus delphis   *        *  
     Long-beaked common dol. Delphinus capensis           *  
     Atlantic white-sided dol. Lagerorhynchus actus       1       
     Indopacific humpback dol. Sousa chinensis            * 
     Beluga / White whale Delphinapterus leucas     1          

LC Mammals Pinnipeds, Otters  Atlantic walrus Odobenus rosmarus rosmarus    1 1        
     Sea mink Mustela macrodon    1 1 1       
     Sea otter, Southern Enhydra lutris           1  
   Seals       1 1    1 
   Harbour seal Phoca vitulina 1 1  1 1 * * 1   1  
     Grey seal Halichoerus grypus 1 1  1 1 * *      
     Ringed seal Phoca hipsida  1           
     Monk Seal Monachus monachus   1          
     Harp seal Phoca groenlandica     1        
     Hooded seal Crystophora cristata     1        
     Northern elephant seal Mirounga angustirostris           *  
     Sea lions            1  
   California sea lion Zalophus californianus            *  
     Steller's sea lion Eumetopias jubatus           *  
     Fur seals            1 
   Northern fur seal Callorhinus ursinus             *  



     Guadelupe fur seal Arctocephalus townsendi           *    

LH Mammals Sirenia West Indian manatee Trichechus manatus        1 1    
     Dugong Dugong dugon            1  

LC Birds Raptors Raptors             1 
   Bald Eagle Haliaeetus leucocephalus    1 1 1 1 1 1 1 1  
     White-tailed eagle Haliaeetus albicilla 1 1 1          
     White-bellied sea eagle Haliaeetus leucogaster            *   

SC Birds Raptors Small raptors   1       1  1 
   Osprey Pandion haliaetus  *  1 1 1   *  * 1 
     Peregrine falcon Falco peregrinus  *  1 1    *  *    

LC Birds Seabirds  Pelicans    1     1   1 
   Dalmatian pelican Pelecanus crispus 1 1 *          
     White pelican Pelecanus onocrotalus   *          
     Brown pelican Pelecanus occidentalis         * 1 1 *  
     American white pelican Pelecanus erythrorhynchos           *  
     Australian pelican Pelecanus conspicillatus            1   

SC Birds Seabirds Seabirds       1 1 1  1 
   Gulls    1 1  1 * * * 1 * 1 1 
     Lesser black-backed gull Larus fuscus 1 *           
     Great black-backed gull Larus marinus  *  1 *    *    
     Common gull  Larus canus 1 *           
     Black-headed gull Larus ridibundus 1 *           
     Herring gull Larus argentatus  1 * * 1 *    *    
     Mediterranean gull Larus melanocephalus    *          
     Slender-billed gull Larus genei   *          
     Audouin’s gull Larus audouinii   *          
     Great black-headed gull  Larus ichthyaetus   *          
     Laughing gull Larus atricilla         *    
     California gull Larus californicus           *  
     Silver gull Larus novaehollandiae            * 
     Black-legged Kittiwake Rissa tridactyla    1 *        
     Cormorants       1  * *     
     Great cormorant Phalacrocorax carbo 1 1 1  *        
     Pygmy cormorant Phalacrocorax pygmeus   *          
     Double crested cormorant Phalacrocorax auritus    1 * *     1  
     Olivaceous cormorant Phalacrocorax olivaceus          1   
     Brandt's cormorant Phalacrocorax penicillatus           *  
     Pied cormorant Phalacrocorax varius            * 
     Little pied cormorant Phalacrocorax melanoleucos            * 
     Terns    1 1   * * * 1 *  1 
     Little tern Sterna albifrons 1 * *         * 
     Sandwich tern  Sterna sandvicensis  1 * *      *    
     Common tern Sterna hirundo 1 * * *     *    
     Arctic tern Sterna paradisaea 1 *  1         
     Roseate tern Sterna dougallii 1   1 1  * *    * 



     Caspian tern  Sterna caspia 1 *       *  *  
     Royal tern Sterna maxima         *    
     Forster's tern Sterna forsteri         *  *  
     Least tern Sterna antillarum         *  *  
     Sooty tern Sterna fuscata            * 
     Crested tern Sterna bergii            * 
     Gull-billed tern Gelochelidon nilotica  * *      *    
     Common noddy Anous stolidus            * 
     Seabirds, other              1 
     Boobies Sula spp.            * 
     Frigatebirds Fregata spp.            * 
     Greater Shearwater Puffinus gravis    1         
     Northern Gannet Sula bassana    1 1        
     Herald petrel Pterodroma arminjoniana            * 
     Southern giant petrel Macronectes giganteus            * 
     Northern giant petrel Macrontectes halli            * 
     Alcids    1           
     Great Auk Pinguinus impennis   1  1 1 1       
     Atlantic puffin Fratercula arctica    1 1        
     Razorbill Alca torda  *  1 1        
     Black Guillemots Cepphus grylle  *  1         
     Thick-billed Murre Uria lomvia    1         
     Common Murre Uria aalge  *  1 1      1     

SC Birds Shorebirds Shorebirds    1 1   1 1 1 1 1 1 1 
     Oystercatcher Haematopus ostralegus 1            
     American oystercatcher Haematopus palliatus         *    
     Sooty oystercatcher Haematopus fuliginosus            * 
     Avocet Recurvirostrata avosetta  1 * *          
     American avocet Recurvirostra americana          * *  
     Black-winged stilt Himantopus himantopus   *         * 
     Ringed plover Charadrius hiaticula  1            
     Kentish / snowy plover Charadrius alexandrinus 1 * *        *  
     Semipalmated plover Charadrius semipalmatus    1  *       
     Piping Plover Charadrius melodus    1 1   * *    
     Golden plover Pluvialis apricaria 1            
     Black-bellied / grey plover Pluvialis squatarola *     *  *  * * * 
     Marbled godwit Limosa fedoawillet           *  
     Bar-tailed godwit Limosa lapponica            * 
     Curlew Numenius arquata 1            
     Eskimo curlew Numenius borealis    1 1        
     Long-billed curlew Numenius americanus           *  
     Eastern curlew Numenius madagascariensis            * 
     Whimbrel Numenius phaeopus    1       * * 
     Willet Catoptrophorus semipalmatus    1    * * * *  
     Wood sandpiper Tringa glareola   *          
     Redshank Tringa totanus  *           
     Sandpiper Actitis hypoleucos  *           



     Phalaropes Phalaropus lobatus, P. fulicaria     1         
     Dowitchers Limnodromus scolopaceus          * *  
     Common snipe Gallinago gallinago  1            
     Great snipe Gallinago media  1            
     Ruddy turnstone Arenaria interpres 1 *     * *    * 
     Dunlin Calidris alpina  1           
     Red knot Calidris canutus    1   *  *    
     Semipalmated sandpiper Calidris pusilla      * * *     
     Sanderling Calidris alba       * * * *   
     Ruff Philomachus pugnax 1 *             

LC Birds Waterfowl, Waders Common Crane Grus grus 1 1 1          
     Greater Flamingo Phoenicopterus ruber 1  1             

LH Birds Waterfowl, Waders Geese    1    1 1 1 1 1 1 1 
     Brant  Branta bernicla  1 *  1 1 * * * *    
     Barnacle goose  Branta leucopsis  1 *           
     Canada goose Branta canadiensis  *  1 1 * * * * * *  
     Aleutian canada goose Branta canadensis leucopareia           *  
     Snow goose Chen caerulescens      * * * * * *  
     White fronted geese Anser albifrons ssp.           *  
     Magpie goose Anseranas semipalmata            * 
     Cape Barren goose Cereopsis novaehollandiae            * 
     Swans   1 1 1   1  1     
     Whooper swan Cygnus cygnus * * *          
     Mute swan Cygnus olor * *      *     
     Tundra / whistling swan Cygnus columbianus * *    * 1 * 1  *  
     Black swan Cygnus atratus            *    

SC Birds Waterfowl, Waders Eiders, Seaducks    1 1   1 1 1 1 1 1 1 
     Eider duck Somateria molissima 1 1  1 1 *       
     Goldeneyes Bucephala clangula, B. islandica  * * 1  *     *  
     Bufflehead Bucephala albeola        * *    
     Long-tailed duck / Oldsquaw Clangula hyemalis  *           
     Scoters: Velvet, Black Melanitta fusca, M. nigra  *     *  *  *  
     Harlequin duck Histrionicus histrionicus    1 1 *       
     Labrador duck Camptorhynchus labradorius    1 1 *       
     Grebe, Great crested  Podiceps cristatus   *          
     Loons Gavia spp.      *       
     Mergansers Mergus spp.  1 *    *  *  *  
     Red-breasted merganser Mergus serrator  *        *   
     Common merganser Mergus merganser  *           
     Smew Mergus albellus  *           
     Herons, Egrets, Ibises     1   1 1 1 1 1  1 
     Grey heron Ardea cinerea 1 1           
     Purple heron Ardea purpurea 1  *          
     Great blue heron Ardea herodias      * * * * *   
     White-necked heron Ardea pacifica            * 
     White-faced heron Ardea novae-hollandiae            * 



     Squacco heron Ardeola ralloides 1  *          
     Black-crowned night heron Nycticorax nycticorax 1  *   * *  *  *  
     Great egret Casmeroius albus         1    
     Great white egret Egretta alba 1  *         * 
     Snowy egret Egretta thula      * *  *  1  
     Little egret Egretta garzetta   *          
     Plumed egret Egretta intermedia            * 
     Cattle egret Bubulcus ibis      * *  *    
     Glossy ibis Plegadis falcinellus   *   * *  *   * 
     White ibis Eudocimus albus         * *   
     Sacred / White ibis Threskiornis aethiopica            * 
     Straw-necked ibis Threskiornis spinicollis            * 
     Spoonbill Platalea leucordia 1         *   
     Royal spoonbill Platalea regia            * 
     Yellow spoonbill Platalea flavipes            *   

SH Birds Waterfowl, Waders Dabbling ducks Anas spp., Aythya spp. 1 1 1 1 1 1 1 1 1 1 1 1 
     Widgeon, Eurasian Anas penelope  * *          
     Northern pintail Anas acuta  * *        *  
     Green-winged teal Anas crecca  * *          
     Mallard Anas platyrhynchos  *         *  
     American blackduck Anas rubripes        * *    
     Northern shoveler Anas clypeata   *          
     Gadwall Anas strepera   *          
     Garganaey Anas querquedula   *          
     Common pochard Aythia ferina   *          
     Canvasback Aythya valisineria        *   *  
     White-eyed duck Aythya australis            * 
     Shelduck Tadorna tadorna  1  *          
     Ruddy shelduck Tadorna ferruginea   *          
     Coot, Eurasian  Fulica atra   *          
     American coot Fulica americana       *  *    

LC Reptiles Crocodiles, 
     Alligators American alligator Alligator mississippiensis         1 1     

LC Reptiles Sea turtles Sea turtles     1    1 1 1 1  1 
     Loggerhead turtle Caretta caretta   *    * * * *  * 
     Leatherback Dermochelys coriacea   *    * * *   * 
     Kemp's ridley Lepidochelys kempii   *    * * * *   
     Hawksbill Eretmochelys imbricata       *  *   * 
     Flatback, endemic  Natator depressus            * 
     Diamondback terrapin,  
      brackish Malaclemys terrapin          *     

LH Reptiles Sea turtles Green sea turtle Chelonia mydas   1    1 1 1 1  1 

LC Fish Diadromous fish Atlantic salmon Salmo salar 1 1  1 1 1       
     Sturgeon    1        1 
   European sturgeon Acipenser sturio 1 1 *          



     Adriatic sturgeon Accipenser naccarii   *          
     Atlantic sturgeon Acipenser oxyrinchus     1 1 1 1 1    
     White sturgeon Acipenser transmontanus           *  
     Green sturgeon Acipenser medirostris           *  
     Giant / Beluga sturgeon Huso huso   *          
     Shortnose sturgeon Acipenser brevirostrum      1 * * 1      

SC Fish Diadromous fish Chinook salmon Oncorhynchus tshawytscha           1  
     Coho salmon Oncorhynchus kisutch           1  
     Rainbow trout Oncorhynchus mykis   1          
     Sea trout Salmo trutta 1 1           
     Sand sea trout Cynoscion arenarius          1   
     Houting Coregonus oxyrhynchus 1            
     Whitefish Coregonus lavaretus   1           
     Striped bass Morone saxatilis    1 1  1 1  1   
     Australian bass Macquaria novemaculeata            1 
     Shads Alosa alosa, A. fallax 1 1           
     American shad Alosa sapidissima    1 1 1 1 1 1    
     Alewife, Blueback herring Alosa pseudoharengus,  
       A. aestivalis    1 1 1       
     Smelt  Osmerus eperlanus  1            
     Rainbow smelt Osmerus mordax    1 1        
     Baltic vimba Vimba vimba   1           
     European eel Anguilla anguilla 1 1 1          
     American eel Anguilla rostrata     1   1 1    
     Atlantic tomcod Mocrogaqdus tomcod     1          

LC Fish Large Pelagics Bluefin tuna Thunnus thynnus   1 1  1        
     Tuna, Bonito, others     1          
     Swordfish Xiphias gladius  1 1          
     Sharks   1     1 1 1 1  1 1 
     Great white shark Carcharodon carcharias   1   *   *   * 
     Sharks, other     1      *  *  
     Angular rough shark Oxynotus centrina   1          
     Soupfin shark Galeorhinus galeus   1        *  
     Sharpnose seven gill shark Heptranchias brucus   1          
     Leopard shark Triakis semifasciata           *  
     Porbeagle shark Lamna nasus      *       
     Blue shark Pronace glauca      *       
     Basking shark Cetorhinus maximus      *       
     Sand tiger Odontaspis taurus      *   *    
     Grey nurse / Sand shark Carcharias taurus       *     * 
     Sandbar shark Carcharhinus plumbeus       * * *    
     Common hammerhead Sphyrna zygaena       *      
     Scalloped hammerhead Sphyrna lewini         *    
     Great hammerhead Sphyrna mokarran         *    
     Smooth hound Mustelus mustelus *            
     Brown smoothhound shark Mustelus henlei             
     Smooth dogfish Mustelus canis       *  *    



     Lesser-spotted dogfish Scyliorhinus canicula *            
     Spiny dogfish Squalus acanthias     1 1 *  1  *    

LC Fish Groundfish Atlantic Cod Gadus morhua 1 1  1 1 1       
     Haddock Melanogrammus aeglefinus 1   1 1 1       
     Atlantic halibut Hippoglossus hippoglossus     1 1       
     California halibut Paralichthys californicus           1  
     Groupers Epinephelus spp.   1          
     Red drum, back drum Sciaenops ocellatus,          1 1   
         Pogonias cromis             
     Sea bass Dicentrarchus labrax   1          
     Snapper Chrysophrys auratus            1 
     Mediterranean moray Muraena helena   1          
     Pike, limnic Esox lusius  1           
     Pike perch, limnic Stizostedion lucioperca  1           
     Rays, skates   1          1  
     Thornback ray Raja clavata *            
     Stingray Dasyatis pastinaca *            
     Sandy ray Leucoraja circularis   1          
     Common skate Dipturus (Raja) batis 1  1          
     White skate Dipturus alba   1          
     Bat ray Myliobatis californica           *  
     Big skate Raja binoculata           *  
     Thornback skate Platyrhinoidis triseriata           *  
     Shovelnose guitarfish Rhinobatos productus           *    

SC Fish Groundfish Flatfish     1 1  1 1 1 1  1  
     Flounder Platichthys flesus 1 1 * *         
     Starry flounder Platichthys stellatus            *  
     American plaice Hippoglossoides platessoides     1 *       
     Witch flounder Glyptocephalus cynoglossus     1 *       
     Winter flounder Pseudopleuronectis americanus     1 * *      
     Summer flounder Paralichthys dentatus      * * * *    
     Southern flounder Paralichthys lethostigma          1   
     Windowpane flounder Scophthalmus aquosus       *      
     Arrowtooth flounder Atheresthes stomias           *  
     Yellowtail flounder Pleuronectes ferrugineus      *       
     English sole Pleuronectes vetulus           *  
     Dover sole Microstomus pacificus           *  
     Petrale sole Eopsetta jordani           *  
     Sole Solea solea 1            
     Common sole Solea vulgaris   *          
     Brill Scophthalmus rhombus   *          
     Plaice Pleuronectes platessa 1 1  *         
     Turbot / Greenland halibut  Reinhardtius hippoglossoides     1        
     Turbot Psetta maxima  1 1          
     Pollock Pollachius virens    1  1       
     White hake Urophycis tenuis    1 1        
     Silver hake / Whiting Merluccius bilinearis      1       



     Pacific hake / Whiting Merluccius productus           1  
     Adriatic / European hake Merluccius merluccius   1          
     Whiting Merlangius merlangus 1  1          
     Tautog Tautoga onitis         1    
     Lingcod Ophiodon elongatus           1  
     Sablefish / Black cod Anoplopoma fimbria           1  
     Whiting Sillago spp.            1 
     Redfish, Rockfish Sebastes spp.     1 1     1  
     Perch Perca fluviatilis  1           
     Roach Rutilus rutilus  1           
     Sea breams Sparus aurata, Pagellus acarne   1          
     Yellowfin bream Acanthopagrus australis            1 
     Red / Common pandora Pagellus erythrinus   1          
     Anglerfish Lophius budegassa, L. piscatorius   1          
     Weakfish, Drummer Cynoscion regalis       1 1 1    
     Atlantic croaker Micropogonias undulatus        1 1 1   
     Sheepshead Archosargus probatocephalus         1 1   
     Flathead Platycephalis fuscus            1 
     Tailor Pomatus saltatrix            1 
     Reef fishes, various overfished species         1    
     Reef fishes, various not overfished species         1    
     Red mullet Mullus barbatus   1          
     Grey mullets Mugil spp., Liza spp.   1          
     Sea mullet Mugil cephalus         1 1  1   

SH Fish Groundfish Siganids Siganus spp.            1 
     Parrot fish Scarus spp.            1   

SC Fish Small Pelagics Atlantic herring Clupea harengus 1 1  1 1 1       
     Pacific herring Clupea pallasi           1  
     Mackerels    1     1 1 1 1 1 
   Blue jack mackerel  Trachurus picturatus   *          
     Atlantic horse mackerel Trachurus trachurus   *          
     Jack mackerel Trachurus symmetricus           *  
     Atlantic mackerel Scomber scombrus   1  1        
     Pacific mackerel Scomber japonicus           *  
     Spanish mackerel Scomberomorus maculatus       1 * * *   
     King mackerel Scomberomorus cavalla        * * *   
     Grey mackerel Scomberomorus semifasciatus            * 
     School mackerel Scomberomorus queenslandicus            * 
     Spotted mackerel Scomberomorus munroi            * 
     Capelin Mallotus villosus     1        
     Tautog Tautoga onitis      1       
     Sprat Sprattus sprattus 1 1 1          
     Anchovy Engraulis encrasicholus 1  1          
     Northern anchovy Engraulis mordax           1  
     Pacific sardine Sardinops sagax           1  
     Sardine Sardina pilchardus   1          



SF Fish Small Pelagics Atlantic menhaden / Pogy Brevoortia tyrannus      1 1 1 1    
     Gulf menhaden Brevoortia patronus          1    

SC Invertebrates Crustacean Lobster Homarus gammarus, H. vulgaris 1 1           
     American lobster Homarus americanus    1 1 1       
     Shrimp   1 1       1 
   Shrimp Paleomentes spp.         1    
     Shrimp, Norway lobster Nephrops norvegicus  * *          
     Shrimp, North Sea Crangon crangon  1            
     Bay shrimp Crangon franciscorum           1  
     Shrimp, Baltic Sea Palaemon squilla  *           
     Northern shrimp Pandalus borealis  *   1        
     Shrimp Penaeus kerathurus   *          
     Brown shrimp Penaeus aztecus          *   
     White shrimp Penaeus setiferus          *   
     Prawns Penaeus spp., Metapenaeus spp.            1 
     Deepwater roseshrimp Parapenaeus longirostris   1          
     Crabs Carcinus maenas, Pagurus  
        bernhardus, Liocarcinus holsatus 1            
     Crab Cancer pagurus   1           
     Rock crab, Jonah crab Cancer irroratus, C. borealis    1         
     Dungeness crab Cancer magistar           1  
     Snow crab Chionoecetes opilio     1        
     Blue Crab Callinectes sapidus       1 1 1 1   
     Horseshoe crab Limulus polyhemus       1 1     
     Mud crab Scylla serrata            1    

SC Invertebrates Mobile Cephalopods     1          
     Octopus Eledone cirrhosa, E. moschata    *          
     European squid Loligo vulgaris   *          
     Common cuttlefish Sepia officinalis   *          
     Snails               
     Whelk Buccinum undatum 1            
     Murex Murex brandaris, M. trunculus   1          
   Abalone            1 
     Red abalone Haliotis rufescens           *  
     Green abalone Haliotis fulgens           *  
     Black abalone Haliotis cracherodii           *     

SH Invertebrates Mobile  Echinoderms             1  
     Sea urchin Psammechinus miliaris 1            
     Black sea urchin  Paracentrotus lividus    1          
     Sea urchin Strongylocentrotus droebachiensis    1 1 1       
     Sea urchin Strongylocentrotus franciscanus           *  
     Purple sea urchin Strongylocentrotus purpuratus           *  
     Snails               
     Lacuna Lacuna vincta 1            
     Periwinkle Littorina littorea 1   1 1        
     Limpets Patella coerulea, P. ulyssiponensis   1          



     Top shells Gibbula spp.   1          
     Eelgrass limpet Lottia alveus alveus    1 1          

SF Invertebrates Oysters Oysters    1 
   European oyster  Ostrea edulis 1 1 *          
     Adriatic oyster Ostrea adriatica   *          
     Oyster Ostrea lamellosa   *          
     American / Eastern oyster Crassostrea virginica     1 1 1 1 1 1   
     California / Olympia oyster Ostreola conchaphila (Ostrea lurida)           1  
     Sydney rock oyster Saccostrea glomerata            1   

SF Invertebrates Mussels Mussels     1          
     Blue mussel Mytilus edulis 1 1 * 1  1     1  
     Blue mussels, other Mytilus galloprovinzialis, M. marioni   *          
     Mussels, other Abra ovata, Loripes lacteus   *          
     Cockle  Cerastoderma edule 1  *          
     Macoma Macoma baltica  1           
     Striped Venus Venus / Chamelea gallina   1          
     Clams          1  1  
     Soft shelled clam Mya arenaria    1 1 1  *     
     Surf clam Spisula solidissima    *  1       
     Hard clam Mercenaria mercenaria      1 1 * 1    
     Rangia clam Rangia cuneata          1   
     Scallops     1 1       1 
   Scallop Pecten jacobaeus   1          
     Sea / Giant scallop Placopecten magellanicus     * *        
     Iceland scallop Chlamys islandica    * *        
     Bay scallop Argopecten irradians      1  1 1    
     Saucer scallop Amusium japonicum balloti            * 
     Mud scallop Amusium pleuronectes            *   

SF Invertebrates Habitat-building Corals               
     Gorgonians Eunicella singularis, E. cavolinii,  
       Paramuricea clavata, P. chameleon   1          
     Acropora, Faviids Acropora spp.            1 
     Sponges Spongia officinalis, S. agaricina,  
       Hippospongia communis   1          
     Hydrozoan, Sea moss Sertularia cupressina 1            
     Polychaetes, Sand coral Sabellaria spinulosa 1             

SAV Vegetation Seagrass Seagrass   1         1  1 
     Eelgrass Zostera marina * 1  1 1 1 1 1 1  1  
     Dwarf eelgrass Zostera noltii *            
     Seagrass Zostera capricorni            * 
     Seagrass, Mediterranean Posidonia oceanica, endemic   1          
     Turtlegrass Thallasia testudinum          *   
     Seagrass Halodule uninervis            * 
     Shoalgrass Halodule wrightii          *   
     Seagrass Halophila ovalis, H. spinulosa            * 



     Clovergrass Halophila engelmanii          *      

SAV Vegetation Macrophytes Seaweeds, various species   1            
     Rockweed Ascophyllum nodosum    1  1       
     Rockweed Fucus vesiculosus, Furcellaria  
       lumbricalis  1           
     Rockweed Cystoseira spp., Sargassum  
       hornschuchi   1          
     Macrophytes Phragmites, Potamogeton,  
       Chara spp.  1     1      
     Macrophytes Najas spp., Vallisneria americana,  
       Elodea canadensis        1     

WL Vegetation Wetlands Saltmarshes, Wetlands Spartina, Salicornia, Suaeda spp. 1 1 1 1 1 1 1 1 1 1 1 1 
     Mangroves Avicennia marina            1 
                     
Total number of single / multiple species   77 53 64 65 68 44 28 32 44 28 39 34 



 

Table S6. Data matrix of current relative abundance of all guilds in each study system, and total number 
of guilds per system. Among invertebrates, ‘other habitat-builders’ include corals, sponges, meadow-
forming hydrozoans, and reef-forming polychaetes, ‘other mobile’ include echinoderms, snails, and 
cephalopods. Study systems are abbreviated as in Table S3. ‘nd’ = not determined indicates limited data 
availability or absence of a guild in a study system. See Table S5 for species included in each guild, 
taxonomical and functional group. 
 

 Ba Wa Ad La Fu Ma De Ch Pa Ga SF Mo 

Mammals             

Large whales 0 0 10 28 45 10 10 10 5 10 10 50 
Small whales 23 5 10 30 50 50 50 50 30 50 90 50 
Pinnipeds & Otters 10 30 0 60 50 45 90 90 nd nd 30 nd 
Sirenia nd nd nd nd nd nd Nd 10 10 nd nd 10 

Birds             

Raptors 30 10 10 37 37 30 10 10 10 10 10 50 
Seabirds 33 38 40 54 52 25 50 50 37 50 40 50 
Shorebirds 10 29 50 10 24 50 50 50 50 50 50 50 
Waterfowl & Waders 55 29 37 42 37 50 42 26 37 50 50 50 

Reptiles             

Crocodiles / Alligators nd nd nd nd nd nd Nd nd 10 50 nd nd 
Sea turtles nd nd 10 nd nd nd 10 10 10 10 nd 30 

Fish             

Diadromous fish 14 14 23 30 14 8 7 18 20 30 23 50 
Groundfish 50 23 31 30 18 27 70 37 32 60 39 45 
Large Pelagics 0 nd 11 50 nd 50 10 50 10 nd 50 10 
Small Pelagics 70 50 50 77 50 50 50 50 50 50 63 50 

Invertebrates             

Oysters 10 0 10 10 nd 50 10 10 50 50 10 10 
Mussels 90 50 50 50 63 58 50 50 50 50 30 50 
Crustaceans 77 63 50 63 70 50 50 70 50 50 70 70 
Other habitat-builders nd 10 30 nd nd nd Nd nd nd nd nd 10 
Other mobile nd 22 72 58 58 50 Nd nd nd nd 50 nd 

Vegetation             

Seagrass 10 50 10 50 50 50 10 50 50 nd 10 50 
SAV 30 90 50 nd 90 90 10 50 nd 10 nd nd 
Wetlands 10 10 10 50 50 10 50 50 50 50 10 50 

No. of guilds 17 18 20 17 16 18 18 19 18 16 17 18 

 
 
 



 

Table S7. Water quality parameters with details on origin (Core = sediment core, Hydro = hydrographical 
record), recorded proxies, and references for each study system.  
 

Parameter Proxy Study System Ref.  

Sediment loading  
 Core Sedimentation rate (x-fold) Baltic Sea S51-52 
 Core Sediment flux 1 (g cm-2 yr-1) Chesapeake Bay S57  
 Core Sediment flux 2 (g cm-2 yr-1) Chesapeake Bay S58  
 Core Sediment accumulation (cm yr-1), Pamlico River Core M4  Pamlico Sound S60  
 Hydro Sedimentation, relative increase San Francisco Bay S72  
 Hydro Sedimentation rate (m3 yr-1) San Francisco Bay S73 
 Hydro Sediment load (mg l-1), Brisbane River Moreton Bay S74-75  

Nitrogen loading  
 Hydro Nitrogen conc. (µmol l-1), winter surface water Gotland Deep Baltic Sea S61  
 Hydro Total nitrogen load (k tons yr-1) Baltic Sea S53, 62
 Hydro Nitrate (NO3) local winter concentration (µM) Wadden Sea S64  
 Hydro Ammonia and Nitrite (NH4+NO2) autumn concentration (µM) Wadden Sea S64  
 Hydro Total nitrogen concentration (µM), Rhine river Wadden Sea S64-65
 Hydro Nutrient load, Po River N. Adriatic Sea S56, 68-69 
 Core Nitrogen flux (µg cm-2 yr-1), Pamlico River Core M4  Pamlico Sound S60  
 Hydro Nitrate concentration (µmol l-1), San Joaquin River San Francisco Bay S63  
 Hydro Nitrogen concentration (µmol l-1), Brisbane River Moreton Bay S76  

Phosphorus loading  
 Hydro Phosphorus conc. (µmol l-1), winter surface water Gotland Deep Baltic Sea S61  
 Hydro Total phosphorus load (k tons yr-1) Baltic Sea S53, 62 
 Core Phosphorus-flux (µg cm-2 yr-1), Pamlico River Core M4  Pamlico Sound S60  
 Hydro Phosphorus concentration (µmol l-1), Brisbane River Moreton Bay S76  

Primary productivity  
 Core Primary productivity based on TOC and C-flux Baltic Sea S53-54  
 Hydro Organic matter turnover (gC m-2 yr-1) Wadden Sea S64  
 Hydro Annual primary productivity (gC m-2 yr-1), Marsdiep Wadden Sea S63, 66  
 Hydro Annual primary productivity (gC m-2 yr-1), Dutch Wadden Sea Wadden Sea S63, 67  
 Core Total phytoplankton abundance (cells g-1 sediment) N. Adriatic Sea S56  
 Hydro Ratio chlorophyll a at nutrient rich:nutrient poor sites  Gulf of St. Lawrence S71  
 Core Enrichment of algal organic matter (x-fold) Chesapeake Bay S58  
 Core TOC flux 1 (mg cm-2 yr-1) Chesapeake Bay S58  
 Core TOC flux 2 (mg cm-2 yr-1) Chesapeake Bay S59  
 Core TOC flux (mg cm-2 yr-1), Pamlico River Core M4  Pamlico Sound S60  
 Core Diatom-flux (no. cm-2 yr-1), Pamlico River Core M4  Pamlico Sound S60  

Eutrophic plankton  
 Core Ebridian abundance (%), eutrophic diatoms Baltic Sea S55  
 Core Ebridian abundance (cells g-1 sediment) N. Adriatic Sea S56  
 Core Planktic:benthic diatom ratio Chesapeake Bay S59  
 Core Centric:pennate diatom ratio, Pamlico River Core M4 Pamlico Sound S60 

Epiphytic diatom decline  
 Core Decline in %-abundance of Cocconeis sp. Chesapeake Bay S59  



 

    Core Decline in %-abundance of Cocconeis sp., Pamlico River Core M4  Pamlico Sound S60  

Hypoxia / Anoxia  
 Core Arial extent (km2) of anoxic sediments (laminations), Baltic Proper Baltic Sea S51-52 
 Hydro Decline of oxygen concentration (O2 mg l-1), Kiel Bay Baltic Sea S63  
 Hydro Oxygen variability in bottom water (ml l-1) N. Adriatic Sea S70  
 Core Anaerobic bacterial biomarker abundance Chesapeake Bay S58  
 Core Degree of Pyritization, Pamlico River Core M4 Pamlico Sound S60  
 Hydro Anoxia / hypoxia, relative increase San Francisco Bay S72  

 
 



 

Table S8. Invasive species records with details on regional availability (e.g. time series for the North Sea 
were used as a proxy for the Wadden Sea), species considered, time series or year of reporting, total 
number of invasions recorded at the end of time series, and references for each study system.  
 

System Region Species  Time series No. invasions Ref. 

By time 

Baltic Sea 

  

aquatic 

 

1245-2004 

 

107 

 

S77 
Wadden Sea  North Sea marine & estuarine 1250-1996 80 S78 
Outer Bay of Fundy Bay of Fundy to  

   Long Island Sound
marine & estuarine  
   (excluding cryptogenic)  

1817-1999 86 S79 

Chesapeake Bay  marine & brackish 1609-2002 150 S80 
San Francisco Bay  marine & tidal fresh 1850-1995 164 S81 

By taxonomic group      
Baltic Sea 
Wadden Sea 

 aquatic 
marine & estuarine 

2004 
2004 

107 
51 

S77 
S82 

N. Adriatic Sea  marine 2002 41 S83 
Outer Bay of Fundy Bay of Fundy to 

Long Island Sound 
marine & estuarine  
   (excluding cryptogenic) 

1999 86 S79 

Chesapeake Bay  marine & brackish 2002 150 S80 
Galveston Bay  marine & estuarine 2005 16 S84 
San Francisco Bay  marine & tidal fresh 1995 164 S81 
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