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Global warming triggers abrupt regime
shifts in island lake ecosystems in the
Azores Archipelago
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Global warming significantly alters lake ecosystems worldwide. However, the effects of warming at a
regional scale are often overlooked due to the scarcity of multidecadal to centennial regional studies.
Here, we examined diatom sedimentary records from five lakes on São Miguel Island (Azores
archipelago) over the last 170 years. Our analysis using hierarchical generalised additive models
revealed an abrupt shift in the island-wide diatom community around 1982 CE, when the Northern
Hemisphere temperature exceeded 0.35 °C above the 20th-century mean. This community regime
shift resulted in a 27% loss in regional diatom diversity across the Island. Furthermore, previous
anthropogenic impacts may have enhanced lakes’ rapid response to warming. These findings
highlight the vulnerability of freshwater island ecosystems to climate warming and emphasise the
importance of transitioning from local to regional assessments to preserve regional resilience and
prevent irreversible damage to these essential freshwater resources and their biodiversity.

Global warming is well known to significantly impact Earth’s biomes at the
individual, population, community, and ecosystem levels1, leading to major
shifts in ecological communities2–4. Warming also drives biodiversity loss
and alters species’ spatial distribution worldwide1, increasing the ecosys-
tem’s vulnerability to regime shifts5,6. Furthermore, warming-driven regime
shifts are alsomore likely tooccur in ecosystemsalready impactedbyhuman
activities, including eutrophication3,7,8, overexploitation5 or pollution9,
which erode their resilience and reduce their functional or trophic
diversity10. Therefore, it is necessary to recognise, understand, and ulti-
mately incorporate the role of biodiversity in preserving ecosystem stability
to reduce the likelihood of regime shifts7 across various temporal and spatial
scales. This study investigates the consistency of warming-driven regime
shifts across spatial and temporal scales. To this end,weanalyse sedimentary
records from the last two centuries of five freshwater lakes on São Miguel
Island (Azores Archipelago, Portugal, Fig. 1). The objective is to establish a
baseline knowledge to protect these sensitive island lake ecosystems and

safeguard their critical ecosystem services and biodiversity in the face of the
current warming climate.

Freshwater lakes are unique sources of information on how natural
ecosystems respond to the multifaceted effects of current global change11,12.
They provide a wide range of ecosystem services that support human well-
being, such as clean water provision, climate regulation, biodiversity con-
servation, and recreational activities13,14. Anthropogenic and climatic
changes can prompt ecological and environmental cascades in lakes, dis-
rupting trophic relationships and altering food webs15, thus dramatically
affecting lake ecosystem services. Warming amplifies other threats to lakes,
such as acidification, eutrophication, cross-boundary pollution, and the
proliferation of invasive species12,16,17. Despite widespread evidence of
warming-triggered regime shifts in lakes due to impacts on catchment
processes, disruption of lake stabilisation mechanisms, or nutrient
availability3,18–20, there remains a gap in our understanding regarding how
aquatic diversity changes in response to these shifts. This is particularly
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relevant as biodiversity is expected toplay a keyrole in stabilising ecosystems
and reducing the likelihood of regime shifts5,7. Hence, understanding bio-
diversity dynamics before and after a regime shift is essential for predicting
and managing the impacts and recovery of such shifts on ecosystems.

Local biodiversity is influenced by local processes, such as habitat
heterogeneity, consumer pressure, resource availability, and regional pro-
cesses, including climate, spatial environmental heterogeneity, dispersal,
and species pool size21. These regional processes impact local and regional
species turnover, the regional species pool, and the regional spatial dis-
tribution of species (β-diversity)22. Whether ecosystem and community
responses are consistent at a regional scale or dependent only on local
characteristics remains uncertain. It has been demonstrated that climate
drives coherent responses in lakes23,24. However, such regional coherence
over time may diminish significantly under anthropogenic impacts and
limnological variability8,23,24. The regional aspect is, therefore, crucial for
understanding lake ecosystem vulnerability and resilience to global
change14,16.

In this study, we explore the hypothesis that lakes from diverse
catchments, each with unique biophysical characteristics and anthro-
pogenic impacts (see Supplementary Tables 1 and 2), may exhibit either
lake-specific or coherent island-scale responses to recent warming. This
variance depends on whether external, larger-scale factors (e.g., climate,
regional scale catchment disturbances) or local mechanisms (e.g., in-lake
biogeochemistry, local anthropogenic impacts) predominantly drive lake
ecosystem responses. This study specifically focuses on the impact of the rise
in Northern Hemisphere Surface Air Temperature (NHSAT) on diatom
communities’ spatial and temporal dynamics, particularly since 1982, when
temperatures consistently were higher than the twentieth-century mean
temperature. Our analysis includes changes in the dominance of key
functional groups, such as benthic and planktonic groups, at both local
(lake-specific) and regional (island) scales. The dataset originates from one

of the most well-studied islands in the Atlantic Ocean. It offers valuable
insights into global change’s historical and contemporary impacts on
freshwater biodiversity, ecosystem structure, and services at lake and island
regional scales. The selected lakes have different degrees of anthropogenic
impacts (e.g., farming, deforestation, fish introduction), and basin and
catchment morphological characteristics (e.g., deep and shallow lakes,
Supplementary Tables 1 and 2, see “Methods” section)25–28. Since 1994 CE,
these lakes have been part of a regional biomonitoring programme showing
different trophic states, ranging from mesotrophic to eutrophic (Supple-
mentary Table 2), including the occurrence of cyanobacteria blooms29,
providing a comprehensive scenario of the potential impact of warming.
Additionally, the strategic locationof theAzores concerning toan important
climatemodeof variability, theNorthAtlanticOscillation (NAO)30, coupled
with the scarcity of data from subtropical regions, particularly lakes on
remote islands, enhances the value of this study.

We assessed three potential diatom community’s response outcomes
to warming: (a) lakes responding coherently to climate warming at both
lake-specific and island-wide scales; (b) lakes showing divergent lake-
specific responses yet aligning at the island-scale response; or (c) lakes
diverging at the lake-specific scale without a unified response at the island
scale (Fig. 2). Outcomes (a) and (b) would occur when large spatial-scale
external factors (i.e., warming) override lake-specific dynamics and dis-
turbances (Fig. 2a, b). Outcome (c) would occur when internal local abiotic
and biotic dynamics closely drive the timing and pace of local ecological
shifts (Fig. 2c). To assess these communities response outcomes, we
quantified responses in the system state, measured as changes in diatom
community turnover, to an external abiotic control parameter (i.e.,
NHSAT) todetect regime shifts31,32. To achieve this,we implementedanovel
approach based on Hierarchical Generalised Additive Models (HGAM33).
GeneralisedAdditiveModels (GAM) are highly effective at detecting abrupt
shifts (non-linear responses) to environmental forcing32,34. The hierarchical

Fig. 1 | Location of studied lakes in the context of the North Hemispheric tem-
perature anomaly and the Island of São Miguel, Azores. a Annual Northern
Hemisphere surface temperature anomaly (NHSTA) averaged from 1982 to 2011

compared to the 1901–1981 average, the black rectangle indicates the Azores
archipelago. b Location of the studied lakes in São Miguel Island. c Studied lakes 1
Azul, 2 Santiago, 3 Empadadas Norte, 4 Fogo, and 5 Furnas.
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aspect of HGAMallows the assessment of non-linear responses towarming
at multiple spatial scales by incorporating nested data structures where
observations are classified into different lakes33. As amodel system,we focus
on diatom communities because they are established indicators of historical
and current lake ecological changes, reflecting shifts at local and regional
levels35,36. Moreover, diatoms are the most representative and diverse group
of primary producers in Azorean lakes37.

Results
Temporal coherence in diatom community responses to
warming
Diatom communities in the studied Azorean lakes (Fig. 1) underwent
abrupt changes over the past century (Fig. 3), displaying clear non-linear
responses in diatom community turnover over time across all the studied
lakes (Fig. 3a–c). For each lake, the first derivative of the response revealed a
significant rate of change at different points in time (Fig. 3b). Still, at the
island-scale all lakes share a significant increase in community turnover
around 1982CE (Fig. 3d). The island-scale trend showed a spatial (regional)
and temporally coherent significant increase in community turnover from
1982 to 1998CE (Fig. 3c, d), which is consistent with the increasing trend in
the Northern Hemisphere temperature after 1980 CE (Fig. 3e). After ca.
1980 CE, small planktonic diatoms (i.e., free-floating) became dominant in
deep lakes and small tychoplanctonic fragiliarioid taxa (Staurosira spp.,
Saturosirella spp., and Pseudostaurosira spp.) in shallow lakes, with a cor-
responding decrease in benthic species (i.e., bottom substrates or floating
debris) in both lake types (Fig. 4). This rise in planktonic diatoms is driven
by an increase in the abundance of mostly small needle-like diatom species
with greater buoyancy capabilities, like Asterionella formosa (A. formosa),
Fragilaria crotonensis (F. crotonensis), Fragilaria tenera (F. tenera), and the
small-celled centric diatoms Discotella spp. (Supplementary Fig. 1), parti-
cularly noticeable in deep lakes (Supplementary Table 1). This increase
parallels the decrease in the abundance of large and heavily silicified
planktonic species with higher sinking rates, such as Aulacoseira granulata
(A. granulata).

At the lake scale, significant changes in the diatom community
structure occurred around the end of the nineteenth century (Fig. 4 and
Supplementary Fig. 1). In Lake Santiago, a significant increase in commu-
nity turnover is associated with an increase in the eutrophic diatom A.
granulata (Figs. 3b, 4 and Supplementary Fig. 1). Similarly, Lake Azul also
saw a major increase in Aulacoseira ambigua (A. ambigua), while Lake
Empadadas Norte experienced a significant decrease in Stauroforma

exiguiformis (S. exiguiformis), during the late nineteenth century. However,
these shifts in the dominant species were not significant in terms of the
community turnover rate in both lakes (Fig. 3b). Later in the twentieth
century, a significant and rapid increase in the diatom community turnover
predated the post-1980 regional shift. Lake EmpadadasNorte, the shallower
with the shortest residence time (0.18 years; see Supplementary Table 2),
exhibits the earliest significant increase in community turnover rate around
1940 CE (Fig. 3a, b), leading to a significant shift in community structure
around 1960 (Fig. 4). In this lake, a decline in benthic diatoms accompanies
the onset of the small tychoplanktonic Staurosira venter (S. venter) rise,
which became the dominant diatom species post-1980 CE (Supplementary
Fig. 1),marked this shift. Similarly, in LakeAzul, the only lakewith anurban
development area in its catchment, shows a significant turnover in the
diatom community ca. 1960 CE (Figs. 3a, b and 4). This period wasmarked
by a rapid decline in A. ambigua an increase in benthic taxa, including
aerophilous species (e.g., Humidophila contenta) and an abrupt increase in
small spine-like and buoyant planktonic species (F. crotonensis and A.
formosa). The dominance ofA. ambigua returned around 1982CEonwards
(Supplementary Fig. 1). In Lake Fogo, the onset of the decline ofUrosolenia
eriensis (U. eriensis) and the transient increase in benthic diatoms, which
gave way to the increase of A. ambigua, characterises the shift around 1960
CE. The abrupt transition after 1980CE towards a planktonic dominance of
diatom species in deep lakes leads to a regional-scale functional homo-
genisation of the island deep lake ecosystems.

Non-linear response of diatom communities to warming
An island-scale HGAM, incorporating NHSAT anomalies as a predictor
fitted to diatom community turnover (DCA), reveals a clear non-linear
response to recent warming (R2

adj = 0.76; explained deviance 77. 8%; Fig. 5).
The island-scale threshold indicates an abrupt shared community response
across all the studied lakes around 0.35 °C (0.27–0.43 °C) NHSAT anomaly
(Fig. 5). This response shows a regional scale abrupt regime shift signature,
characterised by a rapid transition between two states, as shown by the
bimodal (non-linear) pattern in the DCA response to NHSAT anomaly
(Fig. 5). At local scale, Lake Santiago, the deepest lake with the longest
residence time (24.5 years; Supplementary Table 2), shows the highest
NHSAT anomaly threshold response, while Furnas, the most eutrophic
lake, displays the lowest threshold, as indicated by the smooths for indivi-
dual lakes (Supplementary Fig. 2 andSupplementaryTables 1, 2). This result
is consistent with both trends in community turnover, as Lake Furnas
experienced an earlier community turnover than Lake Santiago, which

Fig. 2 | Hypothetical island and lake-scale regime
shifts in response to environmental change.
a Lakes responding coherently to climate warming
at both local and island-wide scales; b lakes showing
divergent lake-specific (local) responses yet aligning
at the island scale; or c lakes diverging at the local
scale without a shared response at the island scale.
Lake-scale responses indicate changes in diatom
community turnover over time. Lake-scale shifts
(thicker coloured bands) indicate significant rates of
change for each lake. Island-scale responses repre-
sent the island-fitted trend of diatom community
turnover for all lakes (the shared regional response).
An increase or decrease in the y-axis is reflected in
the “average” predicted value of community turn-
over at the island scale. Island-scale shifts (thicker
red band) indicate significant rates of change that are
common in all lakes.
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exhibits a later response, ca. 1988 CE (Fig. 3a, b). Similar results were
obtained using the Ponta Delgada (1973–2012) air temperature twentieth
century anomaly record (deviance explained = 61.9%; Supplementary
Fig. 3). Furthermore, adding the precipitation twentieth century anomaly
record from Ponta Delgada (1973–2012) as a covariate did not improve
the model (deviance explained = 61.8%; Supplementary Fig. 5). Further-
more, precipitation anomaly was not a statistically significant term in
the model.

Warming and changes in diatom diversity across the island
lakescape
Our results reveal a major decline of 24.3% in themean regional α-diversity
(i.e., mean local lake richness) and 27.6% in γ-diversity (i.e., total regional

richness) since the onset of transitions of the diatom communities to a new
state at ca. 1982 CE (Fig. 6). This decline corresponds to an increase in
dominance andhomogenisation in the spatial distributionof diatom species
across São Miguel Island (β-diversity decrease −4.6%; Fig. 6). Our results
also highlight a post-1980 CE higher proportion of species lost than gained
over the studiedperiod at a regional scale (Fig. 7).The transitionbetween the
periods of 1989–2000 (decadal scale) and 1980–2010 (30-year interval)
marks the most substantial net loss of species (Fig. 7). Conversely, the
previous period from 1950 to 1980 experienced a net increase in species
(Fig. 7). However, our records indicate the first increase in regional dom-
inance and a decrease in β-diversity in the early nineteenth century due to
land-use restructuration on São Miguel Island (Fig. 7; see Supplementary
Note 1, Historical context). Note that Lake Furnas’s record starts at ca. 1965

Fig. 3 | Abrupt changes in diatom communities recorded in lake sediments.
aHGAM-fitted trends of DCA axis 1 values for the five studied lakes in São Miguel
Island. The shaded band represents the 95% credible interval (Lake Furnas shows the
shortest record). The relationship between changes in DCA axis 1 score and time is
an estimation of the turnover rate. bRate of change asmeasured by the response first
derivative for each lake. The thickening of the curve indicates statistically significant
changes in community turnover. The shaded band is the 95% simultaneous con-
fidence interval of the HGAM fitted to DCA trends. c Island-scale trends of HGAM
adjusted to the five DCA axis 1 records, showing the shared response among all lakes

studied. The partial effect plot is centred on the overall mean of the response variable
(i.e., DCA axis 1 scores), and the shaded band is a 95% credible interval. An increase
or decrease shown in the y-axis is reflected in the average predicted value of com-
munity turnover. d The island-scale response derivative shows statistically sig-
nificant changes in community turnover trend shared for all studied lakes (thicker
dark red line) and 95% simultaneous confidence intervals of the HGAM fitted to
DCA trends. e Northern Hemisphere surface temperature anomaly (i.e., NHSTA
based on the average temperature between 1901 and 2000) since 1850.
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CE and, consequently, was only included in the 10-year interval analysis
(1968–2011) (Figs. 6b and 7b).

Discussion
The onset of the warming trend in the Northern Hemisphere around 1980
CE triggered amajor regional reorganisation in the diatom communities of
São Miguel Island, leading to abrupt regime shifts in all lakes studied. A
similar result was obtained using the shortest temperature records from São
Miguel Island (PontaDelgada record; SupplementaryFig. 3).Ourmodelling
of diatom communities over time unveils a robust and coherent regional
reorganisation, coinciding with the onset of the warming trend in the
Northern Hemisphere around 1980 CE (Fig. 3b, c). We have identified an
island scale (shared by all lakes) threshold community response to NHSAT
anomaly around 0.35 °C (0.27–0.43 °C; Fig. 5; Supplementary Fig. 2). This
abrupt change in diatom communities shows a bimodal response leading to
a marked shift in the dominance from benthic to planktonic or small
tychoplanktonic functional groups (i.e Lake Empadadas Norte). This sud-
den and significant shift in the ecosystem state (the diatom communities
structure) has a threshold-like regime shift signature31,32, consistent with a
rapid increase in an external control parameter (NHSAT) independent of
the internal ecosystemstate variables. Importantly, thesemulti-lake climate-
driven regime shifts did not lead to “catastrophic” transitions to alternative

states3. First, we did not find a clear internal lake positive feedback
mechanism that wouldmaintain an alternative ecosystem state, as could be
the case of an increase in in-lake phosphorus recycling as described for
eutrophic lake ecosystems38. Second, it is not yet possible to determine
whether these lake ecosystems will return immediately to their previous
state if the temperature returns to previous values or will show some degree
of hysteresis, indicating alternative states3,31,32.

Discrepancies in the onset, pace, and intensity of community shifts
among lakes (Fig. 3b, c) could be attributed to differences in lake-specific
morphological and hydrological characteristics, including water residence
time and historical anthropogenic impacts such as forestation, farming, and
fish introduction (see Historical context in Supplementary Note 1), influ-
encing the lake sensitivity to climate change12,39. Hence, Lake Santiago, with
the highest water residence time, displayed the most delayed community
response. In contrast, LakeFurnas,with thehighest degreeof eutrophication
due to farming, showed the earliest community response. Some lakes
showed significant community turnover changes predating the post-1982
CE regime shift. Hence, Lake Azul experienced an early increase in com-
munity turnover in the 1960s, attributed to intensified agricultural activities
and fish introductions across the island, which increased the lake’s trophic
state26,40,41. Lake Santiago showed a significant increase in diatom commu-
nity turnover around the end of the 19th century, coinciding with fish
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Fig. 4 | Shifts in the dominance of key diatom functional groups over time.
Diatom species were grouped into plankton (i.e., small free-floating species), ben-
thos (i.e., bottom substrates or floating debris), Aulacoseira spp. (planktonic), and
small tychoplanktonic fragilarioids (i.e., often benthic but known to proliferate in the
plankton), reflecting their taxonomy, morphology and habitat preferences. Dashed

horizontal lines indicate main clusters (time-constrained cluster -CONISS-) using
all diatom species (see Supplementary Fig. 1 for the stratigraphy of each lake’s most
abundant diatom species). Values inside brackets after the lake name indicate the
community turnover inDCA standard deviation units (SD) using only the data from
the last 50 years.
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introduction and reforestation of the whole lake-catchment area, leading to
an increase in the lake’s trophic state42.Despite these non-climatic pressures,
the observed spatiotemporal coherence across the island underscores the
prevailing influence of climate on community changes, overriding local
differences in lake biophysical characteristics and anthropogenic
impacts23,43.

The regime shifts in SãoMiguel Island lakes have reconfigured two key
elements that determine local and regional biodiversity and meta-
community dynamics22, namely the regional species pool and species
abundance distributions (SAD) (i.e., an increase in dominance). Our study
reveals significant declines in α-diversity (24.3%) and γ-diversity (27.6%)
over the last 40 years (Fig. 6b), with the greatest losses occurring after the
transition period between the two ecosystem states (Fig. 7). Although
the recent loss of diversity persists when compared to any other previous
period as baseline reference (Fig. 6a), the recent decline in diatom diversity

could be partially attributed to an extinction debt acquired during the
previous period (1950–1980)when α and γ-diversity increased (Fig. 5a) and
species gains exceeded losses (Fig. 7). Changes in richness following
environmental changes could lead to transient phenomena, such as biodi-
versity surpluses and deficits44. The transient increase in diversity between
1950 and 1980 CE could be related tomajor socio-economic reorganisation
on the island during this period (SupplementaryNote 1,Historical context).
Hence, a transient diversity surplus due to an anthropogenic disturbance
could explain the resulting increase in diversity in the most anthro-
pogenically impacted lakes (Azul and Furnas) with the largest catchment
area and percentage of land used for agriculture. Both lakes (Azul and
Furnas), together with Lake Fogo are the lakes with the highest surface area
(Supplementary Table 1) and alpha diversity across all records (Supple-
mentary Fig. 4) and therefore contribute the most to regional diversity
fluctuations.
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Fig. 5 | Changes in diatom communities across NHSAT anomaly at the
island scale.An island-scaleHGAM-basedmodel ofNHSAT anomalyfitted toDCA
(diatom community turnover; R2

adj = 0.76; deviance explained = 77.8%). Data were
divided into six 30-year intervals for visualisation (see plot legend). This division
corresponds to periods used in the standardisation procedure for calculating
diversity metrics (see “Methods” section). Partial effect of NHSAT anomaly on
community turnover, the shaded area represents the 95% credible interval. An
increase or decrease shown in the y-axis is reflected in the average predicted value of

community turnover. The histogram on the y-axis shows the bimodality in the
community turnover response to recognise an ecological threshold. The inset plot
shows statistically significant changes in the regional response (thicker dark red line)
in community turnover and a 95% simultaneous interval for the common smoothing
function of the HGAM fitted to DCA axis 1 score. See Supplementary Fig. 3 for an
HGAM model based on the São Miguel air temperature instrumental record
anomalies since 1874.
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The recent decreases in α-, γ-, and β-diversity (Fig. 6) indicate a sub-
stantial loss of rare species45, likely attributed to notable reductions in the
population size of many rare diatom species falling below the detection
levels. The increasing abundances of planktonic species in epilimnetic
waters (surface waters above the summer thermocline) of deep lakes con-
strains light and nutrient availability, limiting the spatial distribution of
benthic mesohabitats and, consequently, the diversity of benthic diatoms36.
Hence, the loss of benthicmesohabitats is the probable cause for the decline
in populations of rare benthic species, aligning with the observed surge in
the dominance of planktonic diatoms and other phytoplanktonic taxa such
as cyanobacteria anddinoflagellates species amongothers42,46,47. Collectively,
these factorsmayhave significantly reduced the diversity of benthic diatoms
at local and regional scales.

Local dominance could support species coexistence at the regional
scale if dominant species differ among lake ecosystems (e.g., meta-
community source-sink dynamics, rescue effects) in a spatially hetero-
geneous environment48. However, the island-scale regime shift increases
regional dominance, leading to a decrease in regional richness; this negative
correlation between richness and dominance would be expected in a sce-
nario of spatial homogenisation of available resources48. The loss of species

richness at multiple scales and the increased dominance of a few species at
the island scale also have implications for meta-community dynamics48,
potentially resulting in regional homogenisation in the spatial distribution
and abundance of diatoms. Therefore, the increase in the dominance of
planktonic species, coupled with the decline of rare species on an island
scale, may serve as a warning sign of the extirpation of benthic diatom
species in isolated lake districts. This situation calls for proactive con-
servation measures, requiring developing and implementing conservation
actions. Restoration or conservation efforts to preserve regional habitat
heterogeneity and the spatial distribution of species and their populations
could enhance regional resilience by ensuring viable meta-community
processes49.

The observed shifts in the composition and dominance of São Miguel
freshwater diatoms align with warming-induced stratification, favouring
small-sized and more buoyant planktonic diatom species with low sinking
rates and nutrient uptake efficiency owing to an increase in the cell surface-
to-volume ratio (S/V)50,51. Our results demonstrate the expected increase in
the abundance anddominance of smaller andmore buoyant planktonic and
colony-forming diatoms (i.e., spine-like A. formosa, F. crotonensis, and F.
tenera) in the four deep lakes (Supplementary Table 1). This finding is
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Fig. 6 | Changes in diatom regional diversity metrics across space and time.
aChanges across the full studied period (1830–2010) for four studied lakes with the
largest temporal extent (excluded Furnas) evaluated at 30-year time intervals.
b Changes across the most recent times (1968–2010) for all the five studied lakes
(including Furnas) using 10 years’ time intervals. Dominance is the percentage of
the twomost dominant species for each time interval at a regional scale. Evenness is
Pielou’s evenness. alpha is the estimation of α-diversity (mean regional alpha

diversity). gamma is an estimation of γ-diversity, the sum of all species from the
pooled samples (regional diversity). beta is the multiplicative β-diversity (beta =
gamma/alpha). Data availability limited the length of the time interval, so at least
two samples were available for each lake and for each time interval of 30 or 10 years.
All metrics were estimated by pooling two randomly selected samples from each
lake and time interval by repeating the procedure 999 times to assess the variability
of the results (see “Methods” section and Supplementary Table 4 for further details).
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consistent with previous studies that observed similar warming-induced
changes in lake thermal and physical properties (turbulent mixing and
thermal stratification) and associated changes in diatom resource avail-
ability (light, nutrients) that favour small buoyant diatom species42,51–54. This
rise in small diatom species parallels a decrease in the dominance of large,
heavily silicified Aulacoseira spp, which have higher sinking rates and
require intense mixing periods to stay in the photic zone54.

However, in Lake Fogo and Empadadas Norte, the shift in diatom
communities is not related to an increase in the small spine-like diatoms
(Fig. 4 and Supplementary Fig. 1). Still, both lake shifts are consistent with
increased lake stratification. In Lake Fogo, the main shift between the
dominant species involves a decline of a planktonic diatom,U. eriensis, that
thrives during periods of energetic water mixing under low phosphorus
concentration and cold waters50 and an increase of the planktonic meso-
trophic A. ambigua, which predominates under intermediate light
conditions55 and mesotrophic conditions lake Fogo (Supplementary
Table 2). The abrupt shift in dominance from the oligotrophicU. eriensis to
the dominance of the mesotrophic A. ambigua likely indicates increased
nutrients and reduced mixing strength of Lake Fogo. In the shallower Lake
Empadadas Norte, S. venter, a tychoplanktonic fragilarioid species, has
dominated the diatom community since ca. 1980 CE. In shallow polymictic
lakes, a warmer climate could facilitate the establishment of several longer-
lasting thermoclines throughout the growing season, which would even-
tually break up during windy and stormy days39,56,57. Hence, a warmer cli-
mate could reduce the frequencyof summermixingperiods in shallow lakes,
enhancing in-lake nutrient recycling due to nutrient pulses occurring after a
long stratification period, which enhances hypolimnetic oxygen
depletion58,59. Therefore, reducing the frequency of mixing periods in warm
polymictic lakes would increase the lake’s physicochemical environmental
variability and productivity. The observed increase in organic carbon and
total nitrogen (TN) in the sediment record supports an increased lake
productivity after ca. 1980 CE60. The rise of the small tychoplanktonic
diatom S. venter, an r-strategy generalist, has been associated with disturbed
and unstable environmental conditions with higher TP and TN and low
light in alkaline waters61,62. Furthermore, the parallel decrease in the benthic
oligotrophic taxa such as Encyonema neogracile, Encyonema gaeumanii,

and S. exiguiformis, among other benthic taxa (Supplementary Fig. 1)
support an increase in lake alkalinity and productivity. The observed
changes in thediatomcommunities and sediment biogeochemistry could be
explained by a likely increase in the frequency and length of lake summer
stratification periods in this small and shallow lake, a trend associated with
recent warming56,59. Importantly, despite the differences in species com-
position among the studied lakes, all lakes showed a temporal coherent shift
in diatom functional groups after ca. 1980CE (Fig. 4) that could be related to
warming effects in lake stratification andmixing dynamics as a main driver
of change54.

Warming increases the length and stability of summer stratification
and reduces the length and intensity of lake mixing depth19,63. However,
factors like light attenuation and wind strength could also influence lake
mixing depth19,39. Furthermore, changes in the depth and length of vertical
mixing determine habitat differentiation in the water column bymodifying
key environmental gradients such as light, nutrients, and water motion for
both phytoplankton51,64 and benthic algae36. The warming-induced increase
in the length of the summer stratification period in monomictic eutrophic
and mesotrophic lakes56, such as those of the Azores (Supplementary
Table 2),may enhance in-lake nutrient recycling, thereby promoting overall
lake productivity3. This increase in internal lake productivity can establish a
long-term positive feedback mechanism that triggers lake ecosystems to
cross a critical threshold to a new state3,5. Large shifts in the phytoplankton
and diatom community structure and composition have been observed in
Azorean lakes, e.g., refs. 38,42,47.

After 1980 CE, the warming-triggered regime shift is expected to alter
the presence and abundance of diverse phytoplankton taxa due to changes
in local limnological conditions. Biogeochemical records from lake sedi-
ments and field measurements for the studied lakes support an increase in
internal lake nutrient recycling and lake productivity around the 1980s. The
available temperature and water chemistry data from the deep lakes show
anoxic conditions during summer stratification28. This enhances internal
lake recycling and contributes to the persistence of eutrophic conditions in
Furnas and Azul lakes despite ongoing catchment and lake management
plans27. Furthermore, cyanobacteria blooms are present in all the deep-
studied lakes29. In the eutrophic Lake Fogo the presence of cyanobacteria
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Fig. 7 | Diatom species losses/gains between time intervals. a Results of losses/
gains ratio between consecutive 30-year intervals across the entire record. b Results
of losses/gains ratio between consecutive 10-year intervals only for the recent period
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two consecutive periods where species losses and gains have been assessed (e.g.,
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1950–1980 periods).
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pigments (zeaxanthina) indicates an increase in lake productivity after ca.
1980 CE46. In the mesotrophic Lake Furnas, biogeochemical data and pig-
ments also suggest increased lake productivity associated with the occur-
rence of lake anoxia after ca. 1986 CE47. In eutrophic lakes Santiago, around
1990 CE, and in Furnas, around 1985 CE, pigment analysis indicated an
increase in the presence of motile groups, such as dinoflagellates and
cryptophytes, at the expense of diatoms, which suggests strengthened
thermal stratification42,47,50. In mesotrophic lakes, longer summer stratifi-
cation underscores the link between rising temperatures and the increased
incidence, frequency, and magnitude of potentially harmful cyanobacterial
blooms64. Azorean lakes have experienced an increasing frequency and
intensity of such blooms, often dominated by toxic species29, serving as
indicators of water quality deterioration27, oxygen depletion27,47, animal
mortality, and critically adverse effects on human health and ecosystem
services. This increase in cyanobacteria and other taxa outcompetesdiatoms
during the strong mid-summer stratification period. However, small
buoyant diatoms can thrive in relatively low tomoderatemixing conditions
during the deepening of the thermocline throughout the autumn or before
summer stratification and in late winter50,52. Finally, we have previously
discussed how climate warming could also enhance internal lake recycling
in the small and shallow Lake Empadadas Norte (see above), which could
also cause an increase in the lake productivity after ca. 1980 CE60.

Hence, the island-scale shift cannot be solely explained by human
impacts,whichhave anunevendistributionand intensity among the studied
lakes. In the 1960s, a major socio-economic change took place on São
Miguel Island, linked to the introduction of fertilisers andmechanisation of
fieldwork. This anthropogenic change impacted the lakes with agricultural
catchment areas (Azul and Furnas) but not those with a catchment area
covered by forest (Empadadas Norte, Santiago, and Fogo) (Supplementary
Tables 1 and 2; Supplementary Note 1, Historical context). The main fish
introduction to São Miguel lakes dates back to the end of the eighteenth
century. Previous studies have shown the effects of fish introductions on
phytoplankton and zooplankton communities in Lake Furnas and Fogo46,47

and Chironomidae in Lake Azul26. However, they cannot rule out the
combined effects of fish introduction with warming effects in lake ecosys-
tems after ca. 1980CE46,47. Furthermore, fish introductions vary in intensity,
species composition, and year of introduction across the São Miguel
lakes26,46,47. This may explain why our data did not show a clear island-scale
diatom community response to previousfish introductions over the last two
centuries. Therefore, fish introductions and local land use disturbancesmay
cause rapid changes at the local lake-specific scale that could erode lake
ecosystem resilience to warming. However, lake-specific anthropogenic
activities would not be the main driver that caused the island-scale shift in
diatom communities after ca. 1980. However, this regional coherent shift
could be explainedby the effects ofwarmingon lake limnological conditions
through its effects on lake stratification and mixing regimes.

Finally, our data did not show a significant diatom community
response to changes in precipitation. First, precipitation records did not
show a recent significant trend with positive and negative extreme years
after ca. 1980 CE. Precipitation events may impact lake limnology at the
lake-specific scale (e.g., influencing runoff, water residence time, and solute
concentration). Still, lake and catchment characteristics would determine
their impact on the ecosystem. Hence, capturing long-term island-scale
coherent or lake-specific responses could be difficult using a dataset at the
time resolution of our diatom sediment records.

Legacies of past anthropogenic disturbances
Since the early stages of colonisation, human activities have left imprints on
lakes in the Azores archipelago through land-use changes (e.g., deforesta-
tion, farming) and fish introductions26,27,40–42,47. Lakes Azul, Santiago, and
Empadadas Norte showed significant changes in community turnover
around 1880 and 1962 CE (Figs. 3, 4 and Supplementary Fig. 1). The
alterations observed in each lake align with an increasing eutrophication
trend since the late nineteenth century42,46,47. These changes havemanifested
in a preceding alteration in species composition (Supplementary Fig. 1),

resulting in a prior increase in dominance and a concurrent decline in
diversity at the island scale (Fig. 6). The impact of these previous environ-
mental disturbances or trends may have eroded the ecosystem resilience by
altering ecosystem environmental parameters3, potentially facilitating the
island-scale regime shift driven by the temperature increase since 1982 CE.

Although it is expected that external factors such as climate that have
regional-scale effects could cause regional synchronisation in determining
the timing of change43, theoretical models also suggest that regional-scale
regime shifts are more likely to occur in homogenised landscapes char-
acterised by relatively intense dispersal of organisms or matter65, which
human activities could have been facilitated. In addition, the change
observed after 1980 CE, characterised by an increase in the abundance of
other phytoplanktonic taxa such as cyanobacteria, motile dinoflagellates,
and cryptophytes42,46,47, may indicate a rapid regional functional homo-
genisationof island lake ecosystems.This functional shiftmight synchronise
biological responses among lake communities, resulting in a consequent
reduction in local and regional resilience10. Furthermore, the progressive
loss of environmental and biotic spatial heterogeneity caused by human
activities in the past may have also contributed to the erosion of ecosystem
resilience5,10 across the island lakes andultimately exacerbated the post-1980
CE warming-triggered regime shift. Therefore, the progressive loss of resi-
lience of lakes that have already been heavily modified since Portuguese
colonisation40 may explain the 0.35 °C (0.27–0.43 °C) threshold forNHSAT
or the 0.39 °C (0.28–0.5 °C) for São Miguel air temperature record that
marks the onset of regime shifts across São Miguel lakes ecosystems.
Nonetheless, threshold values in lake ecosystems are expected to vary
worldwide due to various factors such as diverse biophysical conditions,
spatial heterogeneity, climatic differences between regions, and past
disturbances3. In fact, diatom communities worldwide exhibit significant
differences in the timing of abrupt changes in their structure over the last
two centuries2,12,53,54,66,67. However, several lakes worldwide, including those
in temperate66, alpine lakes12,52 and tropical regions53 have experienced
changes in diatom communities since 1970 CE associated with a rapid
increase in air temperature. Thehigh sensitivity of lake diatomcommunities
towarmingmay be attributed to the low generation time of unicellular algae
and the high responsiveness of lakes worldwide to external factors such as
climate, atmospheric pollution, invasive species and land-use changes11,12.

Previous knowledge of island systems, basedmainly on terrestrialflora,
suggested that climate impacts on islands may be buffered by surrounding
ocean temperatures68, an effect less important in continental ecosystems.
However, the observed climate-driven reorganisation of the Azores’ eco-
systemsdemonstrates anoverridingwarming effect, regardless of a potential
ocean buffering effect or historical anthropogenic disturbances40. This
highlights the potential of island lake ecosystems to capture the multi-
factorial nature of global change12,69 and emphasises their significance as key
model systems for calibrating global predictions and addressing funda-
mental questions, such as the critical ecological transition fromprehuman to
human-dominated ecosystems and shifts across distinct climate periods.
Considering the emerging insights into climate-driven regime shifts; the
Azores’ strategic position relative to the NAO, which governs climate
variability regionally across interannual and longer time scales30, and the
limited availability of datasets from subtropical regions, particularly lakes in
remote islands, this study confirms the crucial role of oceanic islands and
inland water ecosystems as sentinels of global change11.

The adoption of a multi-scale paleolimnological approach has the
potential to enhance ongoing efforts to conserve and restore lakescapes.
Our results reveal that lake ecosystems have already undergone a climate-
driven regime shift, offering unique insights into remote island lake
ecosystems under the influence of global change. These insights were only
possible by integrating multiple lake sediment records across different
catchments and applying novel hierarchical modelling approaches (i.e.,
HGAMs)33. These methodological advancements are crucial in uncover-
ing non-linear responses at local and regional scales. Our results under-
score the necessity of interventions that maximise meta-community
dynamics (i.e., spatial heterogeneity, connectivity, and preserving the
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interactions between different ecosystems) that underpin ecosystem
resilience at multiple scales14.

Conclusions
Since the onset of colonisation, humans have altered lakes in the Azores
archipelago. Themagnitude anddirection of thewarming-driven post-1980
CE regime shifts represent an unprecedented event in the known history of
these ecosystems. The observed 24.3% reduction in local α-diversity and
27.6% decrease in regional γ-diversity since ca. 1980 CE, coupled with an
increase in the regional dominance of small planktonic species, are expected
to have long-lasting impacts on ecosystem resilience and meta-community
dynamics (i.e., habitat availability) by undermining recolonisation of
degraded lakes and restricting the pool of species that sustain essential
ecosystems services7. Recognising and understanding these long-term
effects at a regional scale when establishing realistic ecosystembaselines in a
non-stationary world is crucial. It provides evidence-based support for
decision-making concerning the protection and restoration of lake island
ecosystems, along with their associated biodiversity and services14. Inte-
grating knowledge of past responses from sediment lake records from dif-
ferent catchments, especially those encompassing the spatial heterogeneity
of the islands, will play a key role in enhancing the accuracy of recovery
scenarios under ongoing and future changes across multiple scales. Finally,
this advanced knowledge provides a unique quantitative, evidence-based
basis for restoration and conservation actions of freshwater ecosystems,
providing a determinant and crucial step in the design of a sustainable, new,
highly effective lake conservation and mitigation strategy applicable
worldwide.

Methods
Study area: Azores archipelago
The Azores archipelago is a group of nine volcanic islands situated in the
middle of the northern Atlantic Ocean (Fig. 1). They are located between
latitudes 36° 45′N and 39° 43′N (spanning 615 km) and longitudes 24° 45′
W and 31° 17′W, approximately 1300 and 1600 km away from mainland
Portugal and North America, respectively. This archipelago is particularly
rich in freshwater ecosystems due to volcanic geomorphology and climatic
conditions70. The archipelago spans a total land surfacearea of 2325 km2 and
hosts 88 lakes across seven of the nine islands. The studied lakes (Fig. 1) can
be broadly categorised based on their geological origins into two primary
groups: (i) those within volcanic depressions and (ii) those situated in
topographically depressed areas. The former are often located in scoria
cones, subsidence or collapsed calderas, or maars. Typically, scoria cone
lakes are quite small and shallow (Empadadas Norte), while those inside
collapsed calderas tend to have a larger surface area (e.g., Azul, Fogo; Fur-
nas), and maars usually exhibit greater depth (Santiago). The studied lakes
cover a wide spectrum of surface area (Supplementary Table 1), ranging
from 0.02 km2 (Empadadas Norte) to 3.59 km2 (Azul). Since 1994 CE, these
lakes have been part of a regional biomonitoring programme and have
different trophic states, ranging from oligotrophic to eutrophic (Supple-
mentary Table 2). Officially discovered in 1427 CE40, the recent intensifi-
cation of human activities within catchments (e.g., deforestation,
agriculture, urbanisation, and introduction of exotic species)26,40 has resulted
in the eutrophication of many of the lakes38,42,47. See the Historical context
section in Supplementary Note 1 for further information.

Diatoms analysis
Diatoms were identified and counted in all lake sediment cores. Sediment
samples were processed for diatoms following standardised procedures71.
The resulting slides were mounted with Naphrax© mountant, and a mini-
mum of 500 valves/sample were identified and counted across random
transects at 1000×magnification using a Zeiss Axio Imager A1microscope
equipped with a 100× objective (Zeiss Plan-Apo 1.4 numeric aperture) and
differential interference contrast optics. Taxonomic identificationwas based
on general diatom floras (see SupplementaryMethods for a complete set of
references) and compared and taxonomicharmonisedwithprevious studies

in the Azores archipelago72. Taxa were grouped according to their habitat
preferences, such as planktonic, tychoplanktonic, and benthic (see Sup-
plementary Methods for further details).

Data analysis
We examined three scenarios: (a) lakes responding coherently to climate
warming at both local and island-wide scales; (b) lakes showing divergent
local responses yet aligning at the island scale; or (c) lakes diverging at the
local scale without a unified response at the island scale (Fig. 2). We tested
these predictions bymodellinghowdiatomcommunities changedover time
due to increasing temperatures and previous anthropogenic impacts.

Community change over time using detrended correspondence
analysis (DCA)
Before data analysis, we summarised all the diatom data sets to samples that
integrate at least 1 year to avoid sub-annual samples, which can capture
seasonal variation in the diatom assemblages. Hence, continuous samples
with lower resolution than a year were summed. Our data set contains
percentage abundance data of 303 diatom taxa from five lake sediment
records fromSãoMiguel Island, covering the period between 1830 and 2010
CE. To assess changes in diatom community compositional turnover over
time, we performed a detrended correspondence analysis (DCA) ordination
using theRpackage “vegan”73 version2.6-4;73. Sampleswith similar scores in
thefirstDCAaxis indicate similar species composition.ThefirstDCAaxis is
approximately scaled in standard deviation units of diatom community
turnover, and a change in axis 1 score of 4 units corresponds roughly to a
100% turnover in the species composition. Hence, the relationship between
changes inDCA axis 1 scores and time is an estimation of the turnover rate.
The DCA ordination approach is robust enough to assess the rate of
compositional turnover on palaeoecological records with the usual uneven
temporal sampling74. The DCA was performed using the Hellinger trans-
formation (the square root of relative abundances), which constrains
variability across species73.

Hierarchical generalised additive models (HGAMs)
We used GAMs75 and HGAM33 to model non-linear functional relation-
ships between predictors (e.g., time or temperature) and responses (e.g.,
community turnover), where the shape of the function (trend) may vary
between lakes33, but the model also included a common smooth (trend) for
all lakes. Hence, HGAMs allow us to determine if there is a common
response to predictors across all lakes. We identify periods of significant
change using the R package “gratia” (version 0.9.276) and define these as
points in time where the simultaneous interval of the first derivative
excludes zero change77. A simultaneous interval was used instead of the
usual credible interval to avoid the issue of multiple testing, as we consider
change points across the entire smooth function of time. The first derivative
can be seen as the instantaneous rate of change of a smooth function. GAMs
are increasingly used to identify ecological thresholds34. GAM and HGAM
are non-linear models and were fitted using the function gam in the R
package “mgcv” (version 1.9-1)78.

An HGAM33 was used to identify non-linear relationships between
diatom community responses (temporal turnover, DCA values) and
expected abiotic external drivers of change (i.e., air temperature) to assess
significant trends in species turnover over time at a regional scale. We used
anHGAMtomodel the expected value of community turnover (DCA)with
(i) a global smooth, f ðtimeiÞ, to model any trends that are common to all
lakes; (ii) individual lake-specific effects with their own smoothness
penalties to allow each lake to have its own trend in time f lakeðiÞðtimeiÞ; and
(iii) γlakeðiÞ, a random intercept for each lake about themean response,α. The
general equation is as follows:

EðDCAiÞ ¼ αþ f ðtimeiÞ þ f lakeðiÞðtimeiÞ þ γlakeðiÞ

where E(DCAi) is the expected (mean) value of the response for the ith
observation. The inclusion of lake-specific smooths, f lakeðiÞðtimeiÞ, allowing
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the calculation of a separate smooth trend for each lake with potentially
different levels of wiggliness, accounting for potential lake-specific
responses. We expected local-specific diatom community responses to
regional/global drivers of change due to local contingencies caused by lake
geomorphology, biogeochemical parameters, local disturbances and history
(i.e., land-use variability,fish introductions and local disturbances), diversity
and food web structure. These factors are expected to modulate the lake’s
sensitivity to external drivers. We used restricted maximum likelihood
smoothness selection (REML75) to estimate the model parameters and
smooth functions were represented in themodel using thin plate regression
spline bases in all HGAMs.

We also model DCA axis 1 scores as a function of temperature,
replacing time in the previous Equation (see above) with the NHSAT
anomalies or the Ponta Delgada instrumental air temperature anomalies
(see below). To fit the model using temperature data for each sediment
sample, we first calculated the top and bottom ages for each sample to
calculate themean temperature anomaly for the time interval that integrates
each sediment sample.

Temperature and precipitation datasets
North Hemispheric surface air temperature data (NHSAT; 1850–Present)
were obtained from NOAA’s Global Surface Temperature Analysis
(NOAAGlobalTemp), whereas the monthly instrumental record of tem-
perature (1873–2015) and precipitation (1873–2012)79 were obtained from
the Ponta Delgada Station (37° 44′ N, 25° 40′ W, 77m). Monthly instru-
mental data were quality controlled following Aguilar and Prohom80.
Monthly instrumental data from 1873 to 1946 CE were obtained from the
“Annaes doObservatório InfanteD. Luiz”81 and from1947 to 2015CEwere
supplied by the Instituto Português do Mar e da Atmosfera. Temperature
and precipitation annual anomalies were computed relative to the
1901–2000 average.

Spatial species turnoveracrossmultiple lake-catchmentsites (β-
diversity)
The variation in the composition of local communities across space in a
given region is called β-diversity. Any measure of diversity is influenced by
three main factors: (1) the spatial aggregation of organisms, (2) the total
number of individuals in a community, and (3) the SAD, which is related to
the relative abundance of species and their total number (e.g., differences in
evenness)82. Therefore, to assess changes in β-diversity primarily related to
changes in the spatial distribution of species (our purpose), we calculated β-
diversity using Whittaker’s multiplicative diversity partitioning. Instead of
using sample size to standardise diversity metrics, we used sample coverage
to emphasise differences in spatial aggregation of species, following the
protocol and code providedbyEngel83. Thefirst step is to calculate the target
coverage, the largest possible coverage for the set of samples without
exceeding twice the sample size for extrapolation in any sample83. The
second step is to find the sample size at the γ scale corresponding to the
sample coverage obtained in the previous step and calculateα and γ richness
using the obtained sample size83. This allows us to capture changes related to
interspecific spatial aggregation and overcome the differences in the species
pool size, SAD, and abundance between the studied periods to estimate
diversity82,83. This approach was implemented because changes in evenness
(SAD) and the species pool size across the last 200 years could be expected.
Furthermore, time intervals with higher species turnover (i.e., greater spe-
cies replacement over time) are expected to have a larger species pool size
than time intervals with lower species turnover.

Due to uneven time intervals within samples and across the five lake
diatom records, a standardisation procedure was implemented before
assessing changes in γ-, α- and β-diversity across time in SãoMiguel Island.
This was done to avoid biasing diversitymetrics84. First, we divided the data
set into six periods of 30 years each, starting from 1830 CE to 1860 CE and
finishing in 1980–2011 CE. This 30-year interval was selected because it
allowsus tohave at least two samplesper time interval and lake.This allowed
us to use the same number of lakes and select the same number of samples

for each lake across all six 30-year time intervals since 1830 CE. Tomeasure
the variability in our assessment and prevent bias in the estimation of
diversity metrics in our results, we calculated α-, γ- and β-diversity by
randomly selecting two samples for each lake and period 999 times. Hence,
for each round of 8 samples (2 samples for each of the 4 lakes = 8 samples),
γ-diversity was calculated as the total number of species found in the eight
pooled samples, and α-diversity was the average number of species across
these eight pooled samples using the Engel method83 described above.
Notice that we have only used four lakes because Lake Furnas, with the
shortest diatom record, was excluded from this first analysis using the 30-
year time intervals.

Finally, an additional set of analyses was conducted using the same
procedure as above to calculate changes in α-, β-, and γ-diversity, but
focusing on the most recent period, 1969–2011 CE, when diatom com-
munities showed the highest turnover across the record. The larger number
of available samples for this period allowed us to increase the temporal
resolution to 10-year time intervals instead of 30-year intervals. Hence, we
subdivided the1969–2011CEperiod into10-year intervals and ran the same
diversity assessment as above but also included the shortest diatom record
fromLake Furnas (see Supplementary Table 4 to see the number of samples
available for each time interval and lake).

Regional dominance, evenness, and richness
Weused theRpackage “iNext” (version 3.0.0) to estimate changes in species
diversity metrics85 across time for each diatom lake record and standardise
by sampling coverage but limiting the extrapolation to amaximum of twice
the sample size86.

We calculated the regional dominance metrics for all samples across
the diatom data sets using the sample coverage85. We applied the identical
standardisation protocol and time intervals as those used to calculate
regional diversity metrics. We selected two samples for each lake and time
interval to calculate dominance metrics, and to estimate its variability, we
ran this analysis 99 times. To improve the interpretation of results, we
estimated richness (S), the exponential of Shannon (exp(H)), and the
inverse of the Simpson diversity index (1/Simpson) as the effective number
of species86. We also estimate dominance as the percentage of the two most
common species for a given sample and Pielou’s evenness (J =
ln(exp(H))/ln(S))87.

Species gains and losses
Thenumber of species gains and losses between consecutive time intervals
at a regional scale was assessed using the R library “codyn” (version
2.0.5)88. We employed the same procedure and standardisation protocol
to calculate regional dominance metrics, obtaining the regional species
matrix across the studied period and grouping the data set into 30-year
time intervals for the full record and 10-year intervals for the most recent
period (1969–2011 CE).

Diatom community’s stratigraphic clustering
We performed a constrained hierarchical clustering of a distance matrix
with clusters constrained by sample age (CONISS) using the R package
“rioja” (version 1.0-5) to find changes in the diatom records across time on
the diatom community matrix previously transformed via a Hellinger
transformation73.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
North Hemisphere Surface Air temperature was downloaded from https://
www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global/time-
series. Ponta Delgada air temperature and precipitation and the five diatom
sediment records data set are available at Zenodo https://doi.org/10.5281/
zenodo.13853797.
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Code availability
The code and data for the present analysis and figures are available at
Zenodo https://doi.org/10.5281/zenodo.13853797.

Received: 9 March 2024; Accepted: 30 September 2024;

References
1. Pörtner, H.-O. et al. Scientific Outcome of the IPBES-IPCC Co-

SponsoredWorkshoponBiodiversity andClimateChangehttps://doi.
org/10.5281/ZENODO.4659158 (2021).

2. Smol, J. P. et al. Climate-driven regime shifts in the biological
communities of arctic lakes. Proc. Natl. Acad. Sci. USA 102,
4397–4402 (2005).

3. Scheffer, M. Critical Transitions in Nature and Society (Princeton
University Press, Princeton, N.J., 2009).

4. Ratajczak, Z. et al. Abrupt change in ecological systems: inference
and diagnosis. Trends Ecol. Evol. 33, 513–526 (2018).

5. Folke,C. et al. Regimeshifts, resilience, andbiodiversity in ecosystem
management. Annu. Rev. Ecol. Evol. Syst. 35, 557–581 (2004).

6. O’Beirne, M. D. et al. Anthropogenic climate change has altered
primary productivity in Lake Superior.Nat. Commun. 8, 15713 (2017).

7. Loreau, M. et al. Biodiversity as insurance: from concept to
measurement and application. Biol. Rev. 96, 2333–2354 (2021).

8. Gilarranz, L. J., Narwani, A., Odermatt, D., Siber, R. & Dakos, V.
Regime shifts, trends, and variability of lake productivity at a global
scale. Proc. Natl. Acad. Sci. USA 119, e2116413119 (2022).

9. Cao, Y. et al. Regime shifts in shallow lake ecosystems along an
urban-rural gradient in central China. Sci. Total Environ. 733,
139309 (2020).

10. Olden, J. D., Poff, N. L., Douglas,M. R., Douglas,M. E. & Fausch, K. D.
Ecological and evolutionary consequences of biotic homogenization.
Trends Ecol. Evol. 19, 18–24 (2004).

11. Williamson, C. E., Saros, J. E., Vincent, W. F. & Smol, J. P. Lakes and
reservoirs as sentinels, integrators, and regulators of climate change.
Limnol. Oceanogr. 54, 2273–2282 (2009).

12. Catalan, J. et al. Global change revealed by palaeolimnological records
from remote lakes: a review. J. Paleolimnol. 49, 513–535 (2013).

13. Keeler, B. L. et al. Linking water quality and well-being for improved
assessment and valuation of ecosystem services. Proc. Natl. Acad.
Sci. USA 109, 18619–18624 (2012).

14. Heino, J. et al. Lakes in the era of global change: moving beyond
single-lake thinking in maintaining biodiversity and ecosystem
services. Biol. Rev. 96, 89–106 (2021).

15. Hébert, M.-P., Beisner, B. E., Rautio, M. & Fussmann, G. F. Warming
winters in lakes: later ice onset promotes consumer overwintering and
shapes springtime planktonic food webs. Proc. Natl. Acad. Sci. USA
118, e2114840118 (2021).

16. Birk, S. et al. Impacts of multiple stressors on freshwater biota across
spatial scales and ecosystems. Nat. Ecol. Evol. 4, 1060–1068 (2020).

17. Salis, R. K., Brennan, G. L. & Hansson, L.-A. Successful invasions to
freshwater systems double with climate warming. Limnol. Oceanogr.
68, 953–962 (2023).

18. Wang, J., Pan, F., Soininen, J., Heino, J. & Shen, J. Nutrient
enrichment modifies temperature-biodiversity relationships in large-
scale field experiments. Nat. Commun. 7, 1–9 (2016).

19. Woolway, R. I. et al. Phenological shifts in lake stratification under
climate change. Nat. Commun. 12, 2318 (2021).

20. Zhang, C. et al. Synergistic effects of climate warming and
atmospheric nutrient deposition on the alpine lake ecosystem in the
south-eastern Tibetan Plateau during the Anthropocene. Front. Ecol.
Evol. 11, 1119840 (2023).

21. Mittelbach, G. G. & Schemske, D. W. Ecological and evolutionary
perspectives on community assembly. Trends Ecol. Evol. 30,
241–247 (2015).

22. Leibold, M. A. & Chase, J. M. Metacommunity Ecology, Vol. 59
(Princeton University Press, 2017). https://doi.org/10.2307/j.
ctt1wf4d24.

23. Magnuson, J. J., Kratz, T. K. & Benson, B. J. Long-Term Dynamics of
Lakes in the Landscape: Long-Term Ecological Research on North
Temperate Lakes (Oxford University Press, Oxford; New York, 2006).

24. Blenckner, T. et al. Large‐scale climatic signatures in lakes across
Europe: a meta‐analysis. Glob. Change Biol. 13, 1314–1326 (2007).

25. Pereira, C. L. et al. Biogeography and lakemorphometry drive diatom
and chironomid assemblages’ composition in lacustrine surface
sediments of oceanic islands. Hydrobiologia 730, 93–112 (2014).

26. Raposeiro, P. M. et al. Impact of the historical introduction of exotic
fishes on the chironomid community of Lake Azul (Azores Islands).
Palaeogeogr. Palaeoclimatol. Palaeoecol. 466, 77–88 (2017).

27. Cruz, J. V. et al. Sete Cidades and Furnas lake eutrophication (São
Miguel, Azores): analysis of long-term monitoring data and
remediation measures. Sci. Total Environ. 520, 168–186 (2015).

28. Tassi, F. et al. Mechanisms regulating CO2 and CH4 dynamics in the
Azorean volcanic lakes (São Miguel Island, Portugal): bio-
geochemistry of volcanic lakes in the Azores, Portugal. J. Limnol. 77,
483–504 (2018).

29. Cordeiro, R. et al. Distribution of toxic cyanobacteria in volcanic lakes
of the Azores islands.Water 12, 3385 (2020).

30. Hernández, A. et al. Modes of climate variability: synthesis and review
of proxy-based reconstructions through theHolocene.EarthSci. Rev.
209, 103286 (2020).

31. Andersen, T., Carstensen, J., Hernández-García, E. & Duarte, C. M.
Ecological thresholds and regime shifts: approaches to identification.
Trends Ecol. Evol. 24, 49–57 (2009).

32. O’Brien, D. A. et al. Early warning signals have limited applicability to
empirical lake data. Nat. Commun. 14, 7942 (2023).

33. Pedersen, E. J., Miller, D. L., Simpson, G. L. & Ross, N. Hierarchical
generalized additive models in ecology: an introduction with mgcv.
PeerJ 7, e6876 (2019).

34. Spake, R. et al. Detecting thresholds of ecological change in the
Anthropocene. Annu. Rev. Environ. Resour. 47, 797–821 (2022).

35. Battarbee, R. W. et al. Diatoms. In Tracking Environmental Change
UsingLakeSediments: Terrestrial, Algal, andSiliceous Indicators (eds.
Smol, J. P., Birks, H. J. B., Last, W. M., Bradley, R. S. & Alverson, K.)
155–202 (Springer Netherlands, Dordrecht, 2001) https://doi.org/10.
1007/0-306-47668-1_8.

36. Pla-Rabés, S. & Catalan, J. Diatom species variation between lake
habitats: implications for interpretation of paleolimnological records.
J. Paleolimnol. 60, 169–187 (2018).

37. Matias,M. G. et al. Divergent trophic responses to biogeographic and
environmental gradients. Oikos 126, 101–110 (2017).

38. Ritter, C. et al. The vanishing and the establishment of a new
ecosystem on an oceanic island – Anthropogenic impacts with no
return ticket. Sci. Total Environ. 830, 154828 (2022).

39. Woolway, R. I. et al. Global lake responses to climate change. Nat.
Rev. Earth Environ. 1, 388–403 (2020).

40. Raposeiro, P.M.et al.Climatechange facilitated theearly colonization
of the Azores Archipelago during medieval times. Proc. Natl. Acad.
Sci. USA 118, e2108236118 (2021).

41. Vázquez-Loureiro, D. et al. Diatom-inferred ecological responses of
an oceanic lake system to volcanism and anthropogenic
perturbations since 1290CE. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 534, 109285 (2019).

42. Vázquez-Loureiro, D. et al. Recent global warming induces the
coupling of dissimilar long-term sedimentary signatures in two
adjacent volcanic lakes (Azores Archipelago, Portugal). Quat. Sci.
Rev. 303, 107968 (2023).

43. Williams, J. W., Blois, J. L. & Shuman, B. N. Extrinsic and intrinsic
forcing of abrupt ecological change: case studies from the late
Quaternary. J. Ecol. 99, 664–677 (2011).

https://doi.org/10.1038/s43247-024-01744-6 Article

Communications Earth & Environment |           (2024) 5:571 12

https://doi.org/10.5281/zenodo.13853797
https://doi.org/10.5281/ZENODO.4659158
https://doi.org/10.5281/ZENODO.4659158
https://doi.org/10.5281/ZENODO.4659158
https://doi.org/10.2307/j.ctt1wf4d24
https://doi.org/10.2307/j.ctt1wf4d24
https://doi.org/10.2307/j.ctt1wf4d24
https://doi.org/10.1007/0-306-47668-1_8
https://doi.org/10.1007/0-306-47668-1_8
https://doi.org/10.1007/0-306-47668-1_8
www.nature.com/commsenv


44. Jackson, S. T. & Sax, D. F. Balancing biodiversity in a changing
environment: extinction debt, immigration credit and species
turnover. Trends Ecol. Evol. 25, 153–160 (2010).

45. Blowes, S. A. et al. Synthesis reveals approximately balanced biotic
differentiation and homogenization. Sci. Adv. 10, eadj9395 (2024).

46. Skov, T. et al. Using invertebrate remains and pigments in the
sediment to infer changes in trophic structure after fish introduction in
Lake Fogo: a crater lake in the Azores. Hydrobiologia 654,
13–25 (2010).

47. Buchaca, T. et al. Rapid ecological shift following piscivorous fish
introduction to increasingly eutrophic and warmer Lake Furnas
(Azores Archipelago, Portugal): a paleoecological approach.
Ecosystems 14, 458–477 (2011).

48. Hillebrand, H., Bennett, D. M. & Cadotte, M. W. Consequences of
dominance: a review of evenness effects on local and regional
ecosystem processes. Ecology 89, 1510–1520 (2008).

49. Chase, J. M., Jeliazkov, A., Ladouceur, E. & Viana, D. S. Biodiversity
conservation through the lens of metacommunity ecology. Ann. N. Y.
Acad. Sci. 1469, 86–104 (2020).

50. Reynolds, C. S. The Ecology of Phytoplankton (Cambridge University
Press, Cambridge, 2006). https://doi.org/10.1017/
CBO9780511542145.

51. Winder, M. & Sommer, U. Phytoplankton response to a changing
climate. Hydrobiologia 698, 5–16 (2012).

52. Catalan, J. et al. Lake Redo ecosystem response to an increasing
warming in the Pyrenees during the twentieth century. J. Paleolimnol.
28, 129–145 (2002).

53. Michelutti, N. et al. Climate change forces new ecological states in
tropical Andean lakes. PLoS ONE 10, e0115338 (2015).

54. Rühland, K. M., Paterson, A. M. & Smol, J. P. Lake diatom responses
to warming: reviewing the evidence. J. Paleolimnol. 54, 1–35 (2015).

55. Kilham, P., Kilham, S. S. & Hecky, R. E. Hypothesized resource
relationships among African planktonic diatoms. Limnol. Oceanogr.
31, 1169–1181 (1986).

56. Woolway, R. I. & Merchant, C. J. Worldwide alteration of lake mixing
regimes in response to climate change. Nat. Geosci. 12,
271–276 (2019).

57. Holgerson, M. A. et al. Classifying mixing regimes in ponds and
shallow lakes.Water Resour. Res. 58, e2022WR032522 (2022).

58. Wilhelm, S. & Adrian, R. Impact of summer warming on the thermal
characteristics of a polymictic lake and consequences for oxygen,
nutrients and phytoplankton. Freshw. Biol. 53, 226–237 (2008).

59. Piccioni, F. et al. The thermal response of small and shallow lakes to
climate change: new insights from 3D hindcast modelling. Earth Syst.
Dyn. 12, 439–456 (2021).

60. Hernández, A. et al. The influences of the AMO and NAO on the
sedimentary infill in an Azores Archipelago lake since ca. 1350CE.
Glob. Planet. Change 154, 61–74 (2017).

61. Karst-Riddoch, T. L., Malmquist, H. J. & Smol, J. P. Relationships
between freshwater sedimentary diatoms and environmental
variables in Subarctic Icelandic lakes. Fundam. Appl. Limnol. 175,
1–28 (2009).

62. Griffiths, K. et al. Multi-trophic level responses to environmental
stressors over the past ~150 years: insights from a lake-rich region of
the world. Ecol. Indic. 127, 107700 (2021).

63. Butcher, J. B., Nover, D., Johnson, T. E. & Clark, C. M. Sensitivity of
lake thermal and mixing dynamics to climate change. Clim. Change
129, 295–305 (2015).

64. Donis, D. et al. Stratification strength and light climate explain
variation in chlorophyll a at the continental scale in a European
multilake survey in a heatwave summer. Limnol. Oceanogr. 66,
4314–4333 (2021).

65. van Nes, E. H. & Scheffer, M. Implications of spatial heterogeneity for
catastrophic regime shifts in ecosystems. Ecology 86,
1797–1807 (2005).

66. Rühland, K., Paterson, A.M. & Smol, J. P. Hemispheric‐scale patterns
of climate‐related shifts in planktonic diatoms from North American
and European lakes. Glob. Change Biol. 14, 2740–2754 (2008).

67. Saros, J. E. et al. Climate-induced changes in lake ecosystem
structure inferred from coupled neo- and paleoecological
approaches. Ecology 93, 2155–2164 (2012).

68. Harter, D. E. V. et al. Impacts of global climate change on the floras of
oceanic islands – projections, implications and current knowledge.
Perspect. Plant Ecol. Evol. Syst. 17, 160–183 (2015).

69. Steffen, W. et al. Planetary boundaries: guiding human development
on a changing planet. Science 347, 1259855 (2015).

70. Cruz, J. V. & Soares, N. Groundwater governance in the Azores
Archipelago (Portugal): valuing and protecting a strategic resource in
small islands.Water 10, 408 (2018).

71. Renberg, I. A procedure for preparing large sets of diatom slides from
sediment cores. J. Paleolimnol. 4, 87–90 (1990).

72. Gonçalves, V., Marques, H. & Fonseca, A. Lista das Diatomáceas
(Bacillariophyta). in Listagem dos Organismos Terrestres e Marinhos
dos A{c}cores (eds. Borges, P. A. V. et al.) 81–97 (Princípia, 2010).

73. Oksanen, J. et al. vegan: community ecology package. R package
version 2.6-4 (2022).

74. Nogué, S. et al. The human dimension of biodiversity changes on
islands. Science 372, 488–491 (2021).

75. Wood, S. N. Generalized Additive Models: An Introduction with R
(Chapman and Hall/CRC, 2017). https://doi.org/10.1201/
9781315370279.

76. Simpson, G. L. Gratia: graceful ggplot-based graphics and other
functions for GAMs fitted usingmgcv. R package version 0.9.2 (2024).

77. Simpson, G. L. Modelling palaeoecological time series using
generalised additive models. Front. Ecol. Evol. 6, 149 (2018).

78. Wood, S. mgcv: mixed GAM computation vehicle with automatic
smoothness estimation. R package version 1.9-1 (2023).

79. Hernández, A. et al. New Azores archipelago daily precipitation
dataset and its links with large-scale modes of climate variability. Int.
J. Climatol. 36, 4439–4454 (2016).

80. Aguilar, E. & Prohom, M. RClimDex-extraQC (EXTRAQC Quality
Control Software)User Manual (Centre for Climate Change University
Rivira i Virgili, Tarragona, Spain, 2011).

81. Stickler, A. et al. ERA-CLIM: historical surface and upper-air data for
future reanalyses. Bull. Am. Meteorol. Soc. 95, 1419–1430 (2014).

82. Chase, J. M. et al. Embracing scale-dependence to achieve a deeper
understanding of biodiversity and its change across communities.
Ecol. Lett. 21, 1737–1751 (2018).

83. Engel, T. et al. Using coverage‐based rarefaction to infer non‐random
species distributions. Ecosphere 12, e03745 (2021).

84. Pla-Rabes, S., Flower, R. J., Shilland, E. M. & Kreiser, A. M. Assessing
microbial diversity using recent lake sediments and estimations of
spatio-temporal diversity: spatio-temporal γ-diversity and sediments.
J. Biogeogr. 38, 2033–2040 (2011).

85. Hsieh, T. C., Ma, K. H. & Chao, A. iNEXT: an R package for rarefaction
and extrapolation of species diversity (Hill numbers).Methods Ecol.
Evol. 7, 1451–1456 (2016).

86. Chao, A. & Jost, L. Coverage-based rarefaction and extrapolation:
standardizing samples by completeness rather than size. Ecology 93,
2533–2547 (2012).

87. Jost, L. The relation between evenness and diversity. Diversity 2,
207–232 (2010).

88. Hallett, L. M. et al. CODYN: An R package of community dynamics
metrics.Methods Ecol. Evol. 7, 1146–1151 (2016).

Acknowledgements
The European Research Council supported S.P.-R. and S.N. grant ERC-
CoG-2021-101045309 TIME-LINES. P.M.R. was supported by Fundação
para a Ciência e a Tecnologia (FCT) (DL57/2016/ICETA/EEC2018/25) and
the DISCOVERAZORES research project (PTDC/CTA-AMB/28511/2017),

https://doi.org/10.1038/s43247-024-01744-6 Article

Communications Earth & Environment |           (2024) 5:571 13

https://doi.org/10.1017/CBO9780511542145
https://doi.org/10.1017/CBO9780511542145
https://doi.org/10.1017/CBO9780511542145
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
www.nature.com/commsenv


as well as by the European Union, QREN, FEDER, and COMPETE, which
fundedCIBIO/InBIO (projectsUIDB/50027/2020,UIDP/50027/2020andLA/
P/0048/2020). A.H. is funded by the Spanish Ministry of Science and Inno-
vation through the Ramón y Cajal Scheme (RYC2020-029253-I). This
research was partially funded by the Spanish Ministry of Economy and
Competitiveness projects PaleoNAO, RapidNAO, and PaleoModes
(CGL2010-15767, CGL2013-40608-R, and CGL2016-75281-C2, respec-
tively). M.G.M. was supported by grants RyC-2016–19348, RTI2018-
095749-A-I00, and PID2022-137749NB-I00, funded by MCIN/AEI/
10.13039/501100011033, “ESF Investing inyour future”and “ERDFAwayof
makingEurope”. Sampling locations are publicly accessible and not subject
to restricted regulations. All procedures followed local and national
guidelines.

Author contributions
V.G. conceived theoriginal idea. S.P.-R., V.G., P.M.R.,M.G.M,S.G. andS.N.
conceptualisedanddeveloped theoriginal ideaandbuilt thedatabase.S.P.-
R., V.G., D.V.L., H.M., R.B., T.B., A.H., S.G., A.S., and P.M.R. collected
sediment samples. V.G., R.B., H.M., and D.V.L. analysed and identified
diatomsamples.S.P.-R.,M.G.M.,V.G.,G.L.S., andP.M.R.analysed thedata
and prepared visualisations. S.P.-R.,M.G.M., V.G., and P.M.R. co-wrote the
first draft of the manuscript, and S.P.-R., V.G., P.M.R., M.G.M., A.H., S.N.,
S.G., A.S., R.B., and G.L.S. contributed to the edition and revision of sub-
sequent and submitted versions.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-024-01744-6.

Correspondence and requests for materials should be addressed to
Sergi Pla-Rabes.

Peer review informationCommunicationsEarth&Environment thanksJohn
Smol, Jianbao Liu, and the other, anonymous, reviewer(s) for their contribu-
tion to the peer review of this work. Primary handling editors: Yanhua Chen,
Alice Drinkwater, and Heike Langenberg. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s43247-024-01744-6 Article

Communications Earth & Environment |           (2024) 5:571 14

https://doi.org/10.1038/s43247-024-01744-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsenv

	Global warming triggers abrupt regime shifts in island lake ecosystems in the Azores Archipelago
	Results
	Temporal coherence in diatom community responses to warming
	Non-linear response of diatom communities to warming
	Warming and changes in diatom diversity across the island lakescape

	Discussion
	Legacies of past anthropogenic disturbances

	Conclusions
	Methods
	Study area: Azores archipelago
	Diatoms analysis
	Data analysis
	Community change over time using detrended correspondence analysis (DCA)
	Hierarchical generalised additive models (HGAMs)
	Temperature and precipitation datasets
	Spatial species turnover across multiple lake-catchment sites (β-diversity)
	Regional dominance, evenness, and richness
	Species gains and losses
	Diatom community’s stratigraphic clustering
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




