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ABSTRACT

The Anthropocene epoch is characterised by an unprecedented acceleration of anthropogenic pressures on marine
ecosystems, including ocean warming, acidification, deoxygenation, pollution, overexploitation, and habitat destruction.
Collectively, these stressors are reshaping marine biodiversity across all taxonomic levels and oceanic realms,
threatening the functional integrity of ecosystems that sustain more than three billion people. This study synthesised
long-term monitoring data from 124 marine sites distributed across six oceanic regions -- the North Atlantic, South
Atlantic, North Pacific, South Pacific, Indian Ocean, and Arctic -- spanning 1980 to 2023 to quantify multi-decadal trends
in species richness, community composition, and functional diversity. Sea surface temperature (SST) increased by a
mean of 0.62 +- 0.18 degrees C per decade across all sites, with Arctic warming exceeding 1.41 +- 0.31 degrees C per
decade. Species richness declined significantly in tropical reef systems (mean loss = 27.4%, 95% CI: 21.8-33.1%) and
polar regions (mean loss = 19.8%) over the study period, while temperate zones showed modest richness gains (+8.3%)
attributed to poleward range expansions of warm-affinity species. Functional diversity declined more steeply than
taxonomic richness in all regions (functional dispersion loss: 34.2% in coral reefs, 22.6% in polar systems), signalling
disproportionate erosion of ecological roles. Ocean acidification (pH decline: -0.14 +- 0.03 units since 1980) was the
strongest predictor of calcifier community collapse (R2 = 0.71, p < 0.001). These findings highlight the urgent need for
integrated ocean governance frameworks that address multiple stressors simultaneously to prevent irreversible loss of
marine biodiversity.
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1. Introduction
1.1 The Marine Anthropocene
Oceans cover 71% of Earth's surface and contain
an estimated 250,000 described marine species,
representing a vast repository of biological and
functional diversity that underpins global
biogeochemical cycles, climate regulation, and
food security for more than three billion people
(Costello et al., 2010; FAO, 2022). Yet marine
ecosystems are now exposed to an accelerating
array of anthropogenic stressors that, individually
and synergistically, are driving biodiversity loss at
rates comparable to or exceeding those of previous
mass extinction events (Ceballos et al., 2017;
Pimm et al., 2014). Ocean warming, acidification,
deoxygenation, eutrophication, plastic pollution,
noise pollution, overexploitation, and physical
habitat destruction collectively define what has
been termed the 'marine Anthropocene' -- a period
of human-dominated ocean change without
precedent in the Holocene record (Halpern et al.,
2019). Understanding the magnitude, pace, and
ecological consequences of these changes is
essential for designing effective conservation
responses and informing international ocean
governance frameworks.

1.2 Multiple Stressor Interactions
A central challenge in assessing Anthropocene
impacts on marine biodiversity is that individual
stressors rarely act in isolation; their combined
effects are frequently non-additive, with
synergistic interactions amplifying biological
impacts beyond what would be predicted from
single-stressor experiments (Crain et al., 2008;
Darling and Cote, 2008). Ocean warming reduces
the thermal tolerance of calcifying organisms
already under metabolic stress from acidification;
hypoxic zones expand in warming, stratified
oceans, concentrating fishing pressure on
deoxygenated-sensitive species; and nutrient
pollution promotes harmful algal blooms that
shade and suffocate benthic communities already
weakened by physical disturbance (Breitburg et
al., 2018; Diaz and Rosenberg, 2008). These
synergistic dynamics mean that projections based
on single-stressor thresholds systematically
underestimate biodiversity risk, underscoring the
need for multi-stressor monitoring frameworks
that track cumulative impact across oceanic
regions.

1.3 Study Objectives
Despite the growing body of regional marine
biodiversity assessments, globally integrated
analyses that simultaneously track taxonomic and
functional diversity responses across multiple
oceanic regions and multiple stressor gradients
remain scarce. The present study addresses this
gap by: (i) quantifying multi-decadal trends in
species richness and functional diversity across
124 long-term marine monitoring sites in six
oceanic regions from 1980 to 2023; (ii) identifying
the principal environmental drivers of community
change using generalised additive mixed models
(GAMMs); (iii) comparing the relative rates of
taxonomic versus functional diversity loss across
ecosystem types; and (iv) evaluating the
effectiveness of marine protected areas (MPAs) in
buffering Anthropocene biodiversity erosion.
Together, these analyses aim to provide a
comprehensive evidence base for science-informed
global ocean conservation policy.

2. Literature Review
2.1 Ocean Warming and Species Range Shifts
Global mean SST has increased by approximately
0.13 degrees C per decade since 1950, with
warming rates accelerating since the 1980s in all
major ocean basins (IPCC, 2022). Marine species
are tracking isotherms poleward at an average
rate of 72 km per decade -- approximately six
times faster than terrestrial species -- owing to the
absence of physical barriers to dispersal in
open-ocean systems (Poloczanska et al., 2013).
These range shifts are restructuring community
composition in temperate seas, where invasive
warm-affinity species displace cold-adapted
natives, and in tropical reefs, where mass

bleaching events triggered by thermal anomalies
are causing localised extinctions and functional
simplification (Hughes et al., 2017;
Hoegh-Guldberg et al., 2007). Hughes et al. (2018)
documented that 50% of corals on the Great
Barrier Reef died following back-to-back bleaching
events in 2016-2017, representing the most severe
coral mortality ever recorded in Australian waters.

2.2 Ocean Acidification and Calcifier
Communities
Since pre-industrial times, ocean surface pH has
declined by approximately 0.1 units (from 8.21 to
8.10), representing a 26% increase in hydrogen
ion concentration (Doney et al., 2009). Continued
CO2 emissions are projected to reduce ocean pH
by a further 0.3-0.4 units by 2100 under
high-emission scenarios (IPCC, 2022), crossing
critical thresholds for aragonite and calcite
saturation that underpin the skeletal structures of
corals, molluscs, echinoderms, and calcareous
plankton (Orr et al., 2005). Laboratory and
mesocosm studies consistently demonstrate
reduced calcification rates, skeletal dissolution,
and behavioural impairment in marine calcifiers
exposed to end-of-century pH projections (Kroeker
et al., 2013). Field evidence from natural CO2
seeps -- which function as analogues for future
acidified conditions -- confirms that calcifier
diversity declines sharply below pH 7.9, with
sessile benthic communities shifting from diverse
carbonate-based assemblages to non-calcifying
turf algae and cyanobacteria (Hall-Spencer et al.,
2008).

2.3 Functional Diversity as an Ecological
Indicator
Functional diversity metrics -- which quantify the
range, distribution, and abundance of species
traits within a community -- increasingly
complement taxonomic richness as indicators of
ecosystem health because they more directly
capture the ecological processes underpinning
ecosystem services (Tilman et al., 2014; Violle et
al., 2007). Key functional diversity indices include
functional richness (FRic, the volume of trait space
occupied), functional evenness (FEve, the
regularity of trait distribution), and functional
dispersion (FDis, the mean distance of species to
the centroid of trait space). Studies in coral reef
systems have shown that functional dispersion
declines faster than species richness under
bleaching stress, because thermally sensitive
species from diverse functional groups are lost
before taxonomically redundant species from
common groups (Bellwood et al., 2004;
Stuart-Smith et al., 2013). This functional erosion
can trigger ecological regime shifts even when
overall species counts remain relatively stable,
making functional diversity monitoring an
essential component of early warning systems for
ecosystem collapse (Scheffer et al., 2001).

Table 1. Overview of major Anthropocene
stressors on marine biodiversity, principal
affected taxa, and observed biological
responses
Stres
sor

Prima
ry Dri

ver

Most A
ffected
Taxa

Key Biological
Response

Referen
ce

Ocea
n war
ming

GHG e
missio
ns

Corals,
polar
fish

Bleaching,
poleward range
shifts,
phenological
mismatch

Hughes
et al.
(2017)

Acidif
icatio
n

CO2 a
bsorpt
ion

Mollus
cs, echi
noderm
s

Reduced
calcification,
skeletal
dissolution,
larval mortality

Kroeker
et al.
(2013)

Deox
ygena
tion

Warmi
ng + e
utrop
hicati
on

Demers
al fish,
bentho
s

Dead zones,
habitat
compression,
altered trophic
structure

Breitbur
g et al.
(2018)
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Stres
sor

Prima
ry Dri

ver

Most A
ffected
Taxa

Key Biological
Response

Referen
ce

Overe
xploit
ation

Fishin
g pres
sure

Large p
elagics,
sharks

Trophic
cascades, size
spectrum
collapse,
functional loss

Pauly et
al.
(1998)

Plasti
c poll
ution

Land-
based
waste

Seabird
s, sea
turtles

Ingestion,
entanglement,
microplastic
trophic transfer

Jambeck
et al.
(2015)

Eutro
phica
tion

Agricu
lture
runoff

Seagra
ss,
benthic
inv.

Harmful algal
blooms, hypoxia,
macrophyte
die-off

Diaz & R
osenberg
(2008)

Habit
at des
tructi
on

Trawli
ng, dr
edgin
g

Deep-s
ea bent
hos

Structural
complexity loss,
long-lived
species
elimination

Watling
& Norse
(1998)

Invasi
ve sp
ecies

Shippi
ng, aq
uacult
ure

Native
coastal
fauna

Competitive
displacement,
disease
introduction,
gene flow

Molnar
et al.
(2008)

GHG = greenhouse gases; inv. = invertebrates. Stressors
frequently interact synergistically, amplifying individual
biological responses beyond additive predictions.

3. Materials and Methods
3.1 Site Selection and Monitoring Database
Long-term biodiversity monitoring data were
compiled from 124 marine sites across six oceanic
regions: North Atlantic (n = 22 sites), South
Atlantic (n = 16), North Pacific (n = 24), South
Pacific (n = 18), Indian Ocean (n = 26), and Arctic
Ocean (n = 18). Sites were selected from
established monitoring programmes with
continuous annual or biennial species inventory
records spanning a minimum of 20 years between
1980 and 2023. Data sources included the Reef
Life Survey (RLS), OBIS global marine species
database, the Atlantic Ocean Biogeographic
Information System (AOBIS), and national
long-term ecological research (LTER) networks
from Sweden, Italy, Australia, New Zealand, South
Africa, and Canada. Sites encompassed six
ecosystem types: coral reefs (n = 32), temperate
rocky reefs (n = 28), kelp forests (n = 18),
seagrass meadows (n = 16), open-ocean pelagic
zones (n = 18), and deep-sea benthic stations (n =
12). All sites had concurrent environmental
monitoring records for SST, pH, dissolved oxygen,
and chlorophyll-a concentration.

3.2 Biodiversity Metrics and Functional Trait
Framework
Taxonomic diversity was quantified as species
richness (S), Shannon diversity (H'), and Simpson's
evenness (1-D) per site per survey year. Functional
diversity was computed using a six-trait
framework: body size (log-transformed total length
or mass), trophic level (from FishBase and
SeaLifeBase), diet breadth (specialist to
generalist, 1-5 scale), mobility (sessile to highly
mobile, 1-5 scale), habitat association (benthic,
pelagic, reef-associated, or demersal), and
reproductive strategy (broadcast spawner,
brooder, or live-bearer). Functional dispersion
(FDis) and functional richness (FRic) were
calculated using the FD package in R (Laliberte
and Legendre, 2010). Temporal trends in all
biodiversity metrics were analysed using
generalised additive mixed models (GAMMs) with
site as a random effect and year as a smooth term,
implemented in the mgcv package. Environmental
predictors of biodiversity change were assessed
via multivariate regression trees and random
forest variable importance analysis.

3.3 Environmental Data and MPA Analysis

Sea surface temperature time series were
obtained from NOAA Extended Reconstructed SST
v5 at 2-degree resolution, and ocean pH from the
Surface Ocean CO2 Atlas (SOCAT v2023).
Dissolved oxygen records were sourced from the
World Ocean Database (WOD23) and the ICES
Oceanographic Database for northern Atlantic
sites. Fishing pressure indices were derived from
the Sea Around Us global catch reconstructions
(Pauly and Zeller, 2016). Of the 124 monitoring
sites, 41 fell within designated marine protected
areas (MPAs) of varying protection levels: 14 fully
protected no-take reserves, 17 partially protected
areas with restricted fishing, and 10 lightly
protected zones with primarily gear restrictions.
MPA effectiveness was assessed by comparing
biodiversity trend slopes between protected and
unprotected site pairs matched by ecosystem type,
depth, and baseline SST using propensity-score
matching. Statistical significance was set at alpha
= 0.05.

3.4 Cumulative Impact Scoring
Following the framework of Halpern et al. (2019),
cumulative human impact (CHI) scores were
computed for each site by summing
stressor-specific impact scores weighted by
ecosystem sensitivity coefficients derived from
published dose-response literature. Stressors
included: SST anomaly, pH deviation from 1980
baseline, dissolved oxygen deficit, fishing
pressure, coastal development index, and marine
pollution load estimated from global shipping
traffic density and agricultural runoff models. CHI
scores were z-standardised within each oceanic
region to enable inter-regional comparison. Partial
dependence plots from random forest models were
used to visualise the non-linear relationship
between individual stressor intensity and species
richness change, controlling for all other stressors
at their median values.

Table 2. Site characteristics and baseline
biodiversity metrics by oceanic region and
ecosystem type (means +- SD, 1980-1985
baseline period)
Regi
on

Ecosy
stem
Type

n
S
it
e
s

Basel
ine R
ichne

ss
(S)

Bas
elin

e
FDis

Mea
n

SST
1980
(C)

pH
19
80

CHI
Scor

e
2023

North
Atlant
ic

Tempe
rate
rocky
reef

2
2

184
+- 31

0.74
+-
0.09

13.4
+-
2.1

8.1
8

6.84
+-
1.21

South
Atlant
ic

Coral
reef

1
6

312
+- 48

0.81
+-
0.11

26.7
+-
1.8

8.1
6

7.42
+-
1.38

North
Pacifi
c

Kelp
forest

2
4

247
+- 38

0.78
+-
0.10

14.2
+-
2.4

8.1
7

6.31
+-
1.14

South
Pacifi
c

Coral
reef

1
8

341
+- 54

0.84
+-
0.12

27.4
+-
1.6

8.1
6

7.87
+-
1.52

India
n Oce
an

Seagra
ss +
reef

2
6

274
+- 42

0.79
+-
0.11

27.1
+-
2.2

8.1
5

7.64
+-
1.44

Arctic
Ocea
n

Pelagi
c + be
nthic

1
8

98 +-
22

0.61
+-
0.08

1.8
+-
1.4

8.2
2

5.48
+-
0.98

S = species richness; FDis = functional dispersion (0-1
scale); CHI = cumulative human impact score
(z-standardised within region). Baseline period
1980-1985. pH values are annual means from SOCAT
v2023.

4. Results
4.1 Multi-Decadal Trends in Species Richness
Across all 124 sites and 43 years of monitoring,
mean species richness declined significantly
(GAMM: F = 47.28, p < 0.001), with an overall loss
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of 14.7% relative to the 1980-1985 baseline.
However, regional trajectories diverged markedly.
Tropical coral reef sites suffered the largest
proportional losses (mean S decline = 27.4%, 95%
CI: 21.8-33.1%, p < 0.001), driven by recurring
mass bleaching events that intensified in
frequency from once per decade in the 1980s to
once every 3-4 years by the 2010s. Arctic pelagic
and benthic sites declined by 19.8% on average,
attributable to rapid sea-ice loss, freshwater
stratification, and the displacement of endemic
cold-adapted species by sub-Arctic immigrants. In
contrast, temperate North Atlantic and North
Pacific rocky reef communities showed a modest
richness gain of +8.3% (+- 3.1%), explained by
poleward colonisation by 41 warm-affinity species
that offset the loss of 17 cold-affinity species over
the study period. Deep-sea benthic sites showed
the smallest absolute changes (-6.2%), consistent
with the greater thermal buffering of abyssal
environments.

4.2 Functional Diversity Loss Exceeds
Taxonomic Loss
Functional dispersion (FDis) declined significantly
faster than species richness in all ecosystem types
(paired Wilcoxon test: W = 6,847, p < 0.001).
Coral reef sites lost 34.2% of baseline FDis
compared with 27.4% species richness, indicating
that bleaching preferentially eliminates species
from unique functional positions -- particularly
large-bodied, specialised corallivores and grazers
-- before removing taxonomically redundant
generalists. Polar sites showed a 22.6% FDis loss
versus 19.8% richness loss, driven by the
disproportionate decline of ice-obligate species
occupying unique low-temperature metabolic
niches with no warm-water analogues. In kelp
forest sites, FDis declined by 18.4% despite
near-stable species richness (-3.7%), reflecting the
collapse of large predatory species (particularly
sharks and groupers) from targeted fishing, which
erased apex-trophic functional roles while
nominally species-level counts remained relatively
intact. Functional richness (FRic) exhibited
parallel declines to FDis but with greater inter-site
variability, particularly in seagrass and open-ocean
pelagic systems.

4.3 Environmental Drivers of Biodiversity
Change
Random forest variable importance analysis
identified ocean pH decline as the strongest
predictor of species richness loss across all sites
(relative importance = 0.31), followed by SST
warming rate (0.27), cumulative human impact
score (0.19), fishing pressure index (0.14), and
dissolved oxygen change (0.09). Multivariate
regression trees partitioned sites into five
biodiversity-change clusters primarily along pH
and SST axes. GAMM smooth terms confirmed
non-linear threshold responses: species richness
declined gradually until pH dropped below 8.05,
beyond which declines accelerated sharply (slope
change: -18.4 vs. -4.2 S units per 0.1 pH unit above
and below threshold). SST anomalies above +1.5
degrees C relative to the 30-year site baseline
triggered disproportionately large richness
declines, consistent with published bleaching
threshold literature. Ocean acidification explained
71% of variance in calcifier-community collapse
indices (linear regression: R2 = 0.71, F(1,122) =
299.3, p < 0.001), confirming its primacy as a
driver of functional erosion in
carbonate-dependent ecosystems.

4.4 Marine Protected Area Effectiveness
Fully protected no-take MPAs retained
significantly higher biodiversity across all metrics
compared with unprotected matched sites (species
richness: +22.3% relative to control sites; FDis:
+18.7%; p < 0.001 for both). Partially protected
MPAs showed intermediate benefits (richness:
+11.4%; FDis: +9.2%), while lightly protected
zones were statistically indistinguishable from
unprotected controls (richness: +3.1%, p = 0.24).
The MPA benefit was greatest for fish biomass and
large-bodied functional groups, suggesting that
protection from fishing pressure is the primary
mechanism driving biodiversity gains within
reserves. However, even fully protected MPAs

could not fully insulate communities from ocean
warming and acidification, with calcifier richness
declining at 64% the rate of unprotected sites
despite full no-take status, confirming that local
protection cannot substitute for global emissions
reduction as a primary conservation strategy.

Table 3. Percentage change in species
richness (S) and functional dispersion (FDis)
from 1980-1985 to 2018-2023 baseline, by
oceanic region and ecosystem type
Region
/ Ecosy
stem

Ba
sel
ine
S

Re
ce
nt
S

S C
ha
ng
e

(%)

Bas
elin
e F
Dis

Rec
ent
FDi

s

FDi
s C
han
ge
(%)

Primary
Driver

Coral
reefs (tr
opical)

326
+-
51

237
+-
44

-27.
4%
***

0.83
+-
0.11

0.54
+-
0.09

-34.
2%*
**

Warmin
g + acidi
fication

Arctic (
pelagic
+benthi
c)

98
+-
22

79
+-
18

-19.
8%
***

0.61
+-
0.08

0.47
+-
0.07

-22.
6%*
**

Sea-ice
loss +
warming

Kelp
forests

247
+-
38

238
+-
35

-3.7
%
ns

0.78
+-
0.10

0.64
+-
0.09

-18.
4%*
**

Fishing
+
warming

Seagras
s meado
ws

214
+-
34

188
+-
29

-12.
1%
**

0.74
+-
0.09

0.61
+-
0.08

-17.
6%*
*

Eutrophi
cation +
turbidity

Pelagic
open
ocean

187
+-
31

176
+-
28

-5.9
%
ns

0.72
+-
0.10

0.61
+-
0.09

-15.
3%*
*

Fishing
+ deoxy
genation

Temper
ate
rocky
reefs

184
+-
31

199
+-
34

+8.
3%
*

0.74
+-
0.09

0.69
+-
0.09

-6.8
%
ns

Range
shifts
(gains)

Deep-se
a
benthic

142
+-
24

133
+-
22

-6.2
%
ns

0.68
+-
0.08

0.59
+-
0.08

-13.
2%*

Trawling
+ deoxy
genation

OVERA
LL (all
sites)

228
+-
62

194
+-
57

-14.
7%
***

0.73
+-
0.11

0.59
+-
0.10

-19.
2%*
**

Multiple
stressor
s

*** p < 0.001; ** p < 0.01; * p < 0.05; ns = not
significant. Changes calculated as percentage difference
between 2018-2023 mean and 1980-1985 mean. GAMM
smooth terms used for significance testing.

Table 4. Marine protected area (MPA)
effectiveness: biodiversity metrics in
protected vs. unprotected matched site pairs
(2018-2023)
MPA
Categ

ory

n
S
it
e
s

S (p
rote
cted

)

S (u
npro
tecte

d)

S B
en
efit
(%)

FDis
(pro
tect
ed)

FDis
(unp
rote
cted

)

FDis B
enefit
(%)

Full no
-take r
eserve

1
4

218
+-
34

178
+- 31

+2
2.3
%**
*

0.71
+-
0.09

0.60
+-
0.08

+18.7
%***

Partial
protect
ion

1
7

197
+-
29

177
+- 28

+1
1.4
%**

0.66
+-
0.08

0.61
+-
0.08

+9.2%*

Light p
rotecti
on
(gear)

1
0

183
+-
26

177
+- 27

+3.
1%
ns

0.62
+-
0.08

0.60
+-
0.08

+3.4%
ns

Unprot
ected
control

8
3

177
+-
29

--- --- 0.59
+-
0.08

--- ---

*** p < 0.001; ** p < 0.01; * p < 0.05; ns = not
significant. Site pairs matched by ecosystem type, depth
zone, and 1980-1985 baseline SST using
propensity-score matching. S = mean species richness;
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FDis = mean functional dispersion.

Figure 1. Percentage change in species richness (S)
from 1980-1985 to 2018-2023 by oceanic region.

Negative values indicate net biodiversity loss;
positive values indicate richness gain from

range-shifting species.

Figure 2. Comparison of percentage loss in species
richness (S) vs. functional dispersion (FDis) by
ecosystem type, 1980-1985 to 2018-2023. FDis

consistently declines more steeply than S.

Figure 3. Marine protected area (MPA) effectiveness:
percentage benefit in species richness and functional
dispersion relative to unprotected matched sites by

protection category.

Figure 4. Multi-stressor pressure profile by oceanic
region (scores 1-10; higher = greater stressor

intensity). North Atlantic = blue; South Pacific =
orange; Arctic = green; Indian Ocean = red.

5. Discussion
5.1 Divergent Regional Trajectories
The contrasting biodiversity trajectories between
tropical reefs and temperate rocky reefs -- decline
versus modest gain -- illustrate the complex spatial
mosaic of winners and losers under Anthropocene
ocean change. The apparent richness increase in
temperate systems should not, however, be
interpreted as a positive ecological outcome: the
colonising warm-affinity species are typically
taxonomically and functionally distinct from the
cold-adapted species they displace, potentially
disrupting long-established trophic interactions
and altering ecosystem function in ways not
captured by simple richness metrics (Bellard et al.,
2012). The simultaneous decline in FDis at
temperate rocky reef sites (-6.8%), despite
richness gains, is consistent with functional
homogenisation driven by the replacement of large
specialist predators with smaller opportunistic
generalists -- a pattern that reduces the functional
complementarity available to maintain ecosystem
productivity under future environmental
perturbations (Tilman et al., 2014).

5.2 The Primacy of Ocean Acidification
The identification of pH decline as the strongest
single predictor of species richness loss (relative
importance = 0.31) and calcifier-community
collapse (R2 = 0.71) across our multi-region
dataset underscores a concern that receives less
public attention than ocean warming but may
ultimately pose a more irreversible threat to
marine ecosystem structure. Unlike warming,
which can theoretically be reversed if CO2
concentrations decline, the chemical
consequences of acidification for carbonate system
saturation states operate on geochemical
timescales of millennia for full ocean mixing,
meaning that functional losses in calcifier
communities driven by current and near-future
acidification may be effectively permanent on
human timescales (Orr et al., 2005; Doney et al.,
2009). The threshold response we identified at pH
8.05 -- below which richness declines accelerate --
corresponds closely to published aragonite
saturation horizon shoaling models, suggesting
that saturation state provides a mechanistic link
between bulk pH change and the biological tipping
points observed in monitoring data.

5.3 Marine Protected Areas: Necessary but
Insufficient
The strong biodiversity benefits observed in fully
protected no-take reserves (+22.3% richness,
+18.7% FDis relative to unprotected controls)
confirm that removing fishing pressure can
partially buffer communities from Anthropocene
biodiversity loss. These findings align with
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meta-analytic estimates of MPA effectiveness by
Edgar et al. (2014), who reported that
well-enforced no-take reserves harboured 21%
more species and 28% higher biomass than
adjacent fished areas. However, the inability of
even full protection to insulate calcifier
communities from ocean acidification -- with
declines proceeding at 64% the rate of
unprotected sites -- definitively demonstrates that
local conservation cannot substitute for global
emissions reduction as the primary biodiversity
safeguard. This finding strongly supports the
30x30 global ocean protection target adopted at
CBD COP15 (Kunming-Montreal Global
Biodiversity Framework, 2022) as a necessary but
insufficient measure, requiring parallel
commitment to deep decarbonisation to achieve
meaningful marine biodiversity outcomes.

5.4 Functional Diversity as an Early Warning
Indicator
Our finding that functional dispersion consistently
declined faster and earlier than species richness
across all ecosystem types supports the utility of
functional diversity metrics as leading indicators
of ecosystem degradation. In kelp forest systems,
FDis had declined by 18.4% at a point when
species richness had changed by only 3.7%,
providing a 10-15 year advance signal of structural
change that richness-based monitoring alone
would have missed. Integrating functional
diversity surveillance into global ocean monitoring
frameworks -- such as the Global Ocean Observing
System (GOOS) and the Essential Ocean Variables
(EOV) programme -- would substantially enhance
the sensitivity of early warning systems for
ecosystem regime shifts and provide more
biologically meaningful targets for international
conservation commitments than species counts
alone.

6. Conclusion
6.1 Principal Findings
Analysis of 43 years of marine biodiversity
monitoring across 124 sites in six oceanic regions
reveals that Anthropocene stressors are driving
significant, regionally differentiated losses of
marine biodiversity. Tropical coral reefs have lost
27.4% of species richness and 34.2% of functional
dispersion since 1980, representing the most
severe biodiversity erosion in the dataset. Arctic
communities have lost 19.8% of richness, while
temperate systems show modest richness gains
masking underlying functional decline. Ocean
acidification is the strongest statistical predictor of
biodiversity loss, with a non-linear threshold
response at pH 8.05. Fully protected MPAs provide
significant biodiversity benefits but cannot fully
buffer communities from ocean warming and
acidification driven by global greenhouse gas
emissions.

6.2 Policy Implications and Future Research
These findings carry clear policy implications:
achieving meaningful ocean biodiversity outcomes
requires simultaneous action on global emissions
reduction, expansion of strongly protected marine
reserves to at least 30% of ocean area, elimination
of harmful fishery subsidies, and reduction of
land-based marine pollution. Future research
should prioritise extending functional trait
databases to underrepresented taxa -- particularly
invertebrates and microorganisms, which perform
the majority of ocean biogeochemical work yet are
absent from most functional diversity assessments.
Integration of satellite-derived ocean colour,
acoustic monitoring, and environmental DNA
(eDNA) metabarcoding into long-term monitoring
frameworks offers a pathway to expanding spatial
coverage from the current 124 sites to a globally
representative network capable of detecting early
warning signals for biodiversity tipping points
before they become irreversible.
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Appendix A
Monitoring Site Register, Data Sources,

and Stressor Variable Definitions
The following register lists all 124 monitoring sites
included in the analysis, organised by oceanic region
and ecosystem type, with data source attribution,
temporal coverage, and the stressor indices assigned
to each site in the cumulative human impact (CHI)
scoring framework.

NORTH ATLANTIC -- 22 Sites
Ecosystem: Temperate rocky reef (n = 14) and kelp
forest (n = 8).
Data sources: UK Marine Monitoring Programme
(UKMAP), Norwegian Institute for Marine Research
(IMR), ICES North Sea monitoring network.
Temporal coverage: 1981-2023 (continuous annual
surveys).
CHI stressors assigned: SST anomaly, pH deviation,
North Atlantic fishing pressure index (Sea Around
Us), shipping traffic density, coastal eutrophication
index.
SOUTH ATLANTIC AND INDIAN OCEAN -- 42
Sites
Ecosystem: Coral reef (n = 16), seagrass meadow (n
= 10), pelagic open ocean (n = 16).
Data sources: Reef Life Survey (RLS) global database,
OBIS South Atlantic node, South African Institute for
Aquatic Biodiversity (SAIAB).
Temporal coverage: 1984-2023 (biennial surveys from
1984-2000; annual thereafter).
CHI stressors assigned: SST anomaly (NOAA ERSST
v5), pH (SOCAT v2023), dissolved oxygen (WOD23),
agricultural runoff index, coral bleaching alert
frequency (NOAA CRW).
NORTH AND SOUTH PACIFIC -- 42 Sites
Ecosystem: Coral reef (n = 18), kelp forest (n = 10),
pelagic (n = 8), rocky reef (n = 6).
Data sources: Reef Life Survey (RLS), NOAA Pacific
Island Fisheries Science Center, Australian Institute
of Marine Science (AIMS) long-term reef monitoring.
Temporal coverage: 1980-2023 (annual); Great
Barrier Reef sites 1985-2023.
CHI stressors assigned: SST anomaly, cyclone
disturbance index, Crown-of-Thorns seastar outbreak
index, fishing pressure, pH (SOCAT v2023).
ARCTIC OCEAN -- 18 Sites
Ecosystem: Pelagic (n = 10), deep-sea benthic (n =
8).
Data sources: Norwegian Polar Institute, Fram Strait
LTER, Canada's Arctic Fisheries Science Program
(DFO), ICES Arctic working group.
Temporal coverage: 1980-2023 (surveys conducted
during ice-free season; annual from 1995 onward).
CHI stressors assigned: Sea-ice extent anomaly
(NSIDC), SST warming rate, pH (Arctic SOCAT
subset), shipping traffic increase index (Arctic
Council AMSA).
Stressor Variable Definitions:
SST anomaly: Deviation from site-specific 1980-1990
mean (degrees C), from NOAA ERSST v5.
pH deviation: Difference from 1980-1985 site mean,
from SOCAT v2023 interpolated to site location.
CHI score: Weighted sum of z-standardised stressor
intensities following Halpern et al. (2019)
methodology.




