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Abstract
Aim: Ecological communities are structured through the interplay of deterministic 
assembly processes such as competition and environmental filtering. Whereas the 
drivers of spatial community structure are frequently studied in extant communi-
ties, little is known about the relative importance of assembly processes in response 
to environmental factors over evolutionary time-scales. Here, we use an integrative 
framework to unravel community assembly processes since the inception of a long-
lived lake ecosystem.
Location: Lake Ohrid.
Time period: From lake formation 1.36 million years ago to the present.
Major taxa studied: Planktonic diatoms.
Methods: We constructed a dated phylogeny of extant and extinct diatoms and col-
lected trait data for 380 fossil communities to quantify phylogenetic community 
structure and functional richness and to determine the relative importance of deter-
ministic assembly processes over time. We then used regression analysis to correlate 
the phylogenetic community structure with palaeoenvironmental and intrinsic bio-
logical predictors and to identify primary drivers of assembly processes.
Results: Our results suggest a dense packing of niche space with higher species rich-
ness and co-occurrence of closely related species. There are only two short episodes 
in the very recent past dominated by distantly related taxa. We found distinct changes 
in phylogenetic community structure upon speciation or extinction events and an in-
crease in mean community relatedness over time.
Main conclusions: Our finding of closely related co-occurring species implies envi-
ronmental filtering as the primary assembly mechanism, with a minor but increasingly 
important role of competition towards the present, driven by evolutionary dynam-
ics. Such an increase in the relative contribution of competition to the assembly of 
communities in relation to the aging of an insular ecosystem, together with a denser 
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1  |  INTRODUC TION

Patterns of species diversity are strongly influenced by complex in-
teractions between deterministic assembly processes such as com-
petition and environmental filtering (Cavender-Bares et  al.,  2009; 
Webb et  al.,  2002). Our current understanding of the relative im-
portance of these deterministic processes is largely derived from 
inferences in natural communities across spatial scales (Vamosi 
et al., 2009; Weber et al., 2017) or from experimental settings (Burns 
& Strauss, 2011; Narwani et al., 2013). However, very little is known 
about how these processes have changed over longer periods of 
time (e.g. Chang & Skipwith, 2021; Raia, 2010) and in response to 
geological, environmental, and/or climatic alterations (Mittelbach & 
Schemske, 2015; Stoof-Leichsenring et al., 2020). This is in part due 
to the lack of suitable model systems that enable the inference of 
temporal changes in deterministic assembly processes.

Insular ecosystems that have persisted for considerable time 
periods – such as oceanic islands, mountain tops, or ancient lakes 
– have long been identified as ideal settings to scrutinize in situ 
evolutionary and ecological patterns and to infer the processes un-
derlying community assembly (Emerson & Gillespie, 2008; Losos & 
Ricklefs, 2009). Ancient lakes provide particularly powerful systems 
for studying changes in assembly processes over time as: (a) they can 
be hundreds of thousands to several millions of years old (Salzburger 
et al., 2014; Schön & Martens, 2004), enabling the reconstruction 
of assembly dynamics over long evolutionary time-scales (e.g. Wilke 
et al., 2016); (b) many of these lakes have high quality sediment re-
cords with high temporal resolution and good chronological control 
(e.g. Johnson et al., 2016; Wagner et al., 2019), facilitating the re-
construction of past environmental and climatic conditions; (c) their 
sediments often contain a well-preserved fossil record enabling the 
inclusion of extinct taxa in community assembly analyses through 
time (e.g. Fritz et  al.,  2013); (d) the relatively high degree of geo-
graphical and ecological isolation of ancient lakes limits immigration 
from regional species pools, allowing for a better understanding of 
the contribution of in situ evolutionary processes (e.g. Emerson & 
Gillespie, 2008; Fritz et al., 2013; Rominger et al., 2016); and (e) many 
of these lakes contain exceptionally taxonomically and phenotypi-
cally diverse radiations, so-called species flocks (e.g. Martens, 1997; 
Salzburger et al., 2014).

Ancient Lake Ohrid on the Balkan Peninsula is Europe’s old-
est lacustrine ecosystem with a high degree of endemism (Föller 
et al., 2015). The lake basin may have started to accumulate sedi-
ments approximately 1.9 million years ago (Ma) and has continuously 

carried water for the past 1.4 Myr (Lindhorst et al., 2015; Wagner 
et  al.,  2017). In 2013, Lake Ohrid became the subject of a drilling 
project in the framework of the International Continental Scientific 
Drilling Program (ICDP), resulting in a continuous sediment record 
with a well-constrained chronology for the entire lacustrine phase 
(Wagner et al., 2019). The sediment succession contained an undis-
turbed and well-preserved fossil record of planktonic diatoms (i.e. 
single-celled siliceous algae; Cvetkoska et al., 2021). Previous stud-
ies focusing on the Late Pleistocene period have demonstrated that 
these photosynthetic organisms respond strongly to changes in key 
growth-limiting environmental and climatic factors related to nutri-
ents and light availability (Jovanovska et al., 2016; Reed et al., 2010; 
Zhang et al., 2016). Although it has been suggested that the contem-
porary diatom community structure in Lake Ohrid is strongly driven 
by water depth and water chemistry (Cvetkoska et  al.,  2018), our 
recent work has shown that species competition intensified among 
endemic diatoms after the lake reached long-term environmental 
stability at around 1.15 Ma (Wilke et al., 2020). Both environmental 
filtering and biotic competitive interactions can thus play an import-
ant role in diatom community assembly; however, the contribution 
of the two processes over time remains poorly understood. Studies 
across spatial and shorter temporal scales have shown that either 
intraspecific resource-based competition (e.g. Carney et al., 1988) or 
environmental filtering (e.g. Stoof-Leichsenring et al., 2020) play a 
key role in structuring planktonic diatom communities. Island bio-
geography theory postulates that competition intensifies over time 
in insular ecosystems, because communities increase in taxonomic 
richness through immigration of ecologically pre-adapted species 
and in situ diversification (Emerson & Gillespie,  2008; Rominger 
et al., 2016; Warren et al., 2015). Accordingly, species should pack 
densely into the occupied regions of ecological niche space in the 
earlier stages and transition towards expansion into previously 
unoccupied niche space as the ecosystem becomes older (Borko 
et al., 2021; Rominger et al., 2016; Ronco et al., 2021). The extent 
to which these changes occur largely depends on the taxa and 
the environment (Emerson & Gillespie,  2008; Stoof-Leichsenring 
et al., 2020).

Here, we used the planktonic diatoms of Lake Ohrid as a model 
group to test the interplay of deterministic assembly processes in 
the context of island biogeography theory. We hypothesize that the 
importance of environmental filtering decreases over time and will 
subsequently become replaced by biotic competitive interactions. 
Under this assumption, we expect to observe a switch from packing 
of species in the niche space to niche space expansion over time. We 
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assume that changes in the relative importance of these assembly 
processes are largely affected by environmental and climatic fluc-
tuations. To test these hypotheses, we integrated a time-calibrated 
phylogeny with extant and extinct species, fossil occurrence data 
of relative species abundances, ecological and morphological traits 
of the species, and palaeoenvironmental predictors from the lake’s 
sediment succession (Figure 1). With this combined dataset, we as-
sessed the phylogenetic structure of assemblages and the distribu-
tion of phenotypic traits to address three specific objectives. First, 
we inferred the relative contribution of environmental filtering ver-
sus species competition in governing diatom assemblage over the 
entire limnological history of Lake Ohrid by quantifying the mean 
phylogenetic distance (MPD) between species of each assemblage 
along a dated phylogeny. The MPD quantifies whether more closely 
or more distantly related taxa co-exist in an assemblage than ex-
pected by chance, related to environmental filtering (i.e. phyloge-
netic clustering) or competition (i.e. phylogenetic overdispersion), 
respectively (Webb et al., 2002). Second, we evaluated morphospace 
occupation patterns, and whether morphospace expansion and 
packing contributed to the accumulation of diatom diversity through 
the history of Lake Ohrid. Therefore, functional richness over time 
and the relationship between species and functional richness were 
quantified. Third, we tested whether the relative importance of as-
sembly processes varied through time in response to local environ-
mental changes (e.g. basin development and lake-level fluctuations), 
long-term climatic variations (e.g. glacial–interglacial cycles), and/or 
intrinsic biological changes (e.g. speciation, extinction, and popula-
tion dynamics). For this purpose, we used a regression analysis to ex-
amine the influence of various palaeoenvironmental predictors and 
intrinsic changes on phylogenetic community structure.

2  |  MATERIAL S AND METHODS

2.1  |  Study site and sampling

2.1.1  |  Diatom taxa in Lake Ohrid

Lake Ohrid (North Macedonia/Albania) is a tectonically formed oli-
gotrophic lake with a tub-shaped morphology (Lindhorst et al., 2010, 
2015; see Figure  2 and Supporting Information Appendix S1, 
Table S1). At least 201 extant and extinct endemic diatom species 
have been recorded for this lake, of which 184 are benthic and 17 
planktonic (Wilke et al., 2020). With a total number of 873 diatom 
species, these algae arguably represent the most species-rich taxon 
in this lake (Levkov & Williams, 2011; Wilke et al., 2020).

For the present study, we focused on the dominant planktonic 
Cyclotella sensu lato (s.l.) group (Thalassiosirales), including the gen-
era Cyclotella sensu stricto (s.s.), Discostella, Pantocsekiella, Lindavia, 
and Cribrionella, because planktonic diatoms respond sensitively to 
environmental and climatic changes (Saros & Anderson, 2015). This 
group is characterized by a rather low species richness, relatively high 
levels of endemism (Levkov et al., 2007) and a uniform distribution 

in the nutrient-depleted open waters of Lake Ohrid between 0 and 
80  m depth (Cvetkoska et  al.,  2018; Stanković, 1960). Hence, the 
silica frustule remains of Cyclotella s.l. are presumably evenly distrib-
uted over the lake’s surface sediment (Vogel et al., 2010).

2.1.2  |  Diatom sampling

We used 380 sediment samples that were obtained from the core 
DEEP-5045–1. The core is 584  m long and was taken from the 
central part of the lake basin at a water depth of 243  m (Francke 
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et  al.,  2016; Wagner et  al.,  2014). Detailed descriptions of the 
core location and age-model construction are provided in Wagner 
et  al.  (2019). Our analyses are restricted to the upper 446.65  m 
composite depth (mcd), corresponding to 1.36  Ma, as this depth 
marks the onset of continuous lacustrine conditions at the drill site 
(Wagner et al., 2019). Diatom samples were taken at every 128 cm 
(corresponding to 2,000–4,000 years) between 0 and 406.96 mcd 
and every 64 cm (corresponding to c. 2,000 years) between 406.96 
and 446.65 mcd. The higher sampling resolution during the early 
stage of Lake Ohrid was chosen because this lake phase was char-
acterized by a particularly dynamic environment (Panagiotopoulos 
et al., 2020; Wilke et al., 2020).

Sediment samples were acid-cleaned following the method by 
Renberg (1990). The cleaned samples were mounted on glass mi-
croscope slides using NaphraxTM (Brunel Microscopes Ltd). For each 
slide, random transects were selected in which 200–400 diatom 
valves were counted and identified to the species level by two peo-
ple that were trained in the same laboratory and used the same stan-
dards for species determination including cross-validation. Diatom 
counts were obtained using an Axioplan 2 microscope (Carl Zeiss) 
at 1,000× magnification or with a BX51 microscope (Olympus) at 
1,500× magnification. We observed intraspecific morphological 
variability within species of Cyclotella s.l. (e.g. Pantocsekiella ocellata, 
Cyclotella cavitata, and Cyclotella fottii). Therefore, morphotypes, 
that is, entities that occurred for < 0.5 Myr and that showed highly 
variable morphological features, were combined to their nominal 
taxon. For a robust estimation of species richness and abundance, 
the number of valves was determined by performing a rarefaction 
analysis using the package ‘vegan’ 2.4.4 (Oksanen et al., 2017) for the 
R statistical environment 4.1.1 (R Core Team, 2021). All microscopic 
slides are stored at the Systematics and Biodiversity Collection of 
the University of Giessen, Germany (UGSB; Diehl et al., 2018).

In addition to fossil samples, fresh diatom material was obtained 
between 2015 and 2017 from the south-eastern part of Lake Ohrid 
as well as from its feeder springs near St. Naum, from neighbouring 
Lake Prespa, and from other water bodies in the lakes’ surroundings 
(see Supporting Information Table S2). Samples were collected with 
a 5-μm mesh plankton net in the lakes’ littoral and sublittoral zones 

(0–60 m water depth) or from about 20 cm below the water surface 
in the springs (Figure 2). Samples were transferred alive to the labo-
ratory for species determination and DNA isolation.

2.2  |  MPD determination for assembly processes

2.2.1  |  Molecular work and phylogenetic analyses

To assess phylogenetic relationships between different members 
of the planktonic diatoms in Lake Ohrid, we inferred a dated mo-
lecular phylogeny for Thalassiosirales on the basis of chloroplast 
(ribulose-1,5-bisphosphate carboxylase large subunit - rbcL) and 
nuclear (18S ribosomal RNA - 18S rRNA) DNA sequences obtained 
from GenBank and generated in the course of this study. In total, 23 
specimens representing seven out of eight Cyclotella s.l. species from 
Lake Ohrid and Lake Prespa, as well as three species from the lakes’ 
surroundings were newly sequenced (see Supporting Information 
Table S2). DNA was isolated following the single-cell DNA extraction 
method outlined by Hamilton et al. (2015). Prior to DNA extraction, 
each individual was photographed by light microscopy and voucher 
slides of oxidized specimens derived from the same samples as the 
ones used for DNA extraction were deposited in the UGSB collec-
tion. Standard and partly taxon-specific PCR primers and protocols 
were used to amplify the fragments of rbcL and 18S rRNA (for details 
see Supporting Information Appendix S2.1). The protein-coding rbcL 
sequences were aligned using the multiple sequence alignment pro-
gram with default settings (Katoh & Standley, 2013). The 18S rRNA 
sequences, which have a pronounced secondary structure, were 
aligned using SSU-ALIGN 0.1.1 (Nawrocki, 2009).

For time-calibrating the phylogeny, seven fossil occurrences 
were used for node dating (see Supporting Information Tables S3, 
and S4; see also Alverson,  2014). We applied an offset that re-
flects the minimum age of each fossil and a gamma-distributed 
prior that covers its stratigraphic range. The phylogeny was in-
ferred using an uncorrelated relaxed-clock model in beast 1.8.2 
(Drummond et  al.,  2012). Four independent analyses were run 
on the cyberinfrastructure for phylogenetic research Science 
Gateway Portal (Miller et  al.,  2010) for 100 million generations 
sampling every 5,000th generation. Log and tree files of the in-
dependent runs were combined using LogCombiner 1.8.2 (beast 
package; 75% burn-in); the maximum clade credibility (MCC) tree 
was identified using TreeAnnotator 1.8.2 (beast package; no addi-
tional burn-in). The putatively extinct endemic species Cyclotella 
cavitata, Cyclotella sollevata, Cyclotella sp. 1, Pantocsekiella sp. 1, 
and Cribrionella ohridana were a posteriori incorporated in the 
time-calibrated molecular phylogeny based on their morphologi-
cal similarities using the R package ‘phytools’ 0.7-80 (Revell, 2012). 
Branch lengths of the incorporated extinct species were defined 
relative to their stratigraphic range by using the time of the first oc-
currence in the lake sediment record as a maximum age (Figure 2). 
For the subsequent analyses related to trait evolution and phylo-
genetic community structure, we also placed a few Pantocsekiella 

F I G U R E  1  Community assembly through time as predicted by 
the theory of island biogeography, postulating that competition 
intensifies because communities increase taxonomic richness 
through immigration of pre-adapted species and in situ 
diversification as ecosystems age. (a) A hypothetical phylogeny 
including the occurrence of extinct (dagger symbol) and extant 
species (grey circles) and their traits (coloured branches in the 
phylogeny indicate trait values of a species). (b) Morphospace 
expansion of the assemblage through time (coloured dots represent 
different species). (c) Palaeoenvironmental conditions indicating 
potential environmental influence on community assembly. The 
time slices T1–T6 indicate phylogenetic community and trait 
structures, morphospace occupation and environmental conditions 
at given points of time. The time slices illustrate the expected 
change in community assembly from environmental filtering to 
species competition and of morphospace occupancy from packing 
to expansion due to ecosystem aging and environmental change.
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species that lack genetic information (P.  minuscula, P.  delicatula, 
P. rossii, and P. polymorpha) in a pruned molecular phylogeny using 
available taxonomic information as a guide (Figure 3a). The equal 

branch lengths were constrained to be >  1.36  Myr because the 
four species originated before the formation of Lake Ohrid (Wilke 
et al., 2020).

F I G U R E  2  Time-calibrated phylogeny of Thalassiosirales based on seven fossil calibration points (numbered solid black circles, for details 
see Supporting Information Table S3). Numbers at nodes represent mean ages. Black squares on the branches show Bayesian posterior 
probabilities > 0.95. The blue bars represent 95% highest posterior densities of age estimates. Cyclotella sensu lato species are indicated in 
black. Extant and extinct Cyclotella s.l. endemic to Lake Ohrid are indicated in light pink and green, respectively. Other group members of the 
Thalassiosirales are indicated in grey. Inset map of Lake Ohrid showing the sampling locations of modern (light pink circles) and fossil (core 
DEEP-5045–1; green circle) specimens used in this study. Black lines indicate 50-m isobaths and grey lines indicate 25-m isobaths.
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2.2.2  |  Assessing trait evolution and deterministic 
assembly processes

To infer the relative importance of species competition and environ-
mental filtering, we assessed the phylogenetic structure of diatom 
communities (i.e. whether closely related species co-occur) and evalu-
ated whether closely related species share similar traits (i.e. a high phy-
logenetic signal). Trait evolution in Cyclotella s.l. species was assessed 
via quantifying the phylogenetic signal using Pagel’s λ (Pagel, 1999). 
This test indicates whether closely related species have similar trait 
values (i.e. λ ≈ 1) or whether traits diverged so rapidly that the phy-
logenetic signal is concealed (i.e. λ ≈ 0). Four continuous and nine 
categorical traits, representing morphological and ecological char-
acteristics of taxonomic and/or functional importance, were scored 
(Figure 3b, Supporting Information Table S5). Utilizing the Akaike in-
formation criterion (AIC) to compare the fit (i.e. ΔAIC) between mod-
els of trait evolution with λ-transformed branch lengths versus models 
with untransformed branches provided the statistical support for the 
phylogenetic signal. Brownian motion models for continuous traits and 
Markov models with equal transition rates for the categorical traits 
were fitted using the R package ‘GEIGER’ 2.0.6 (Harmon et al., 2008).

The phylogenetic structure for each of the 380 diatom commu-
nities sampled at different time points in the past was quantified by 
calculating the MPD between species of a community along the dated 
phylogeny. A null model of random phylogenetic community struc-
ture assuming even species richness was compared to the observed 
communities to quantify the standardized effect size (SES) of the ob-
served MPD. This measure evaluates whether a species community 
is a result of phylogenetic clustering (values <  0) or overdispersion 
(values > 0), reflecting the presence of either more closely or more dis-
tantly related species within the community than expected by the null 
model. For each time point, the null model involves shuffling of spe-
cies identities 999 times across the tips of the phylogeny with prob-
abilities proportional to their abundances in the previous time step. 
Standard null models of shuffling abundances in the community matrix 

may be inappropriate here, because they do not yet consider the time 
structure of the data. Branch lengths were pruned to the age of the 
assemblage and the pairwise phylogenetic distance was weighted by 
the relative abundance of the respective species pair. The MPD was 
quantified with the R package ‘picante’ 1.6.2 (Kembel et al., 2010).

2.3  |  Assessing morphospace occupation patterns

To test whether morphospace expands in a given assemblage and is 
more packed with higher species richness, we estimated functional 
richness over time and the correlation between functional richness 
and species richness. We quantified the functional richness index 
FRic (Villéger et al., 2008) based on all 13 traits for the same 380 
communities, using the R package ‘FD’ 1.0–12 (Laliberté et al., 2014). 
The actual values of FRic were compared with the same null model 
as the observed MPD, resulting in the standardized effect size (SES.
FRic). This allowed us to determine whether the phylogenetic com-
munity structure and species richness was associated with small (< 
0) or large (> 0) occupancy of morphospace.

To evaluate the effect of taxon sampling on the species richness 
trajectory, we performed a rarefaction analysis. We randomly sam-
pled 100 individuals from the entire diatom assemblage at a moment 
in time (extracted from Wilke et al., 2020), determined the number 
of Cyclotella s.l. species and repeated the random subsampling 1,000 
times to calculate the mean richness and its variability over time.

2.4  |  Local palaeoenvironmental, climatic,  
and intrinsic biological effects on phylogenetic 
community structure

To assess whether and to what extent local palaeoenvironmental, climatic, 
and intrinsic biological changes affect assembly processes, we used a re-
gression analysis to examine the relationship of phylogenetic community 

F I G U R E  3  Trait evolution and abundancies of Lake Ohrid Cyclotella sensu lato species over time. (a) Dated phylogeny including extinct 
endemic species from Lake Ohrid (for details see Figure 2). (b) Light-grey symbols show trait expression with circle size proportional to the 
values of continuous traits and dark-grey symbols (i.e. triangle, square, and circle) the states of categorical traits. (c) Coloured dots represent 
relative abundances of Cyclotella s.l. species found in DEEP-5045–1 sediment record; vertical grey and white bars indicate glacial and 
interglacial periods, respectively.
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structure (response variable) with three sets of predictor variables: local 
palaeoenvironmental changes, climatic changes, and intrinsic changes.

2.4.1  |  Local palaeoenvironmental predictors

We derived the following local palaeoenvironmental predictors 
from the sediment record: total inorganic carbon (TIC), total or-
ganic carbon (TOC), potassium (K) counts from x-ray florescence 
scanning, relative sedimentary quartz content, percentages of 
arboreal pollen excluding Pinus pollen, percentage of pollen from 
deciduous oaks (Wagner et al., 2019), oxygen isotope composition 
of the lake water (δ18Olakewater), and grain size (Wilke et al., 2020). 
In order to reduce the noise of these predictors in the regres-
sion analysis, we used Gaussian process smoothing, suggested by 
Simpson (2018) for sediment records. We used the implementa-
tion in the R package ‘brms’ 2.15.0 (Bürkner,  2018), which itself 
is an interface to the Bayesian inference machinery of stan 2.21 
(Stan Development Team, 2021).

For the smoothing models, we specified the distribution ac-
cording to the data type of the local palaeoenvironmental predic-
tors (for details on the distribution see Supporting Information 
Appendix  S4). To account for variations in sedimentation rate, 
we assigned weights to each sample of the palaeoenviron-
mental predictor representing the time captured by the sample 
(Simpson,  2018). All smoothing models were inferred through 
Hamiltonian Monte Carlo sampling with four parallel chains (de-
tails in Supporting Information Table  S6). Residuals were tested 
for autocorrelation using the Moran’s I index for irregularly spaced 
time series (see Legendre & Gauthier, 2014). Through this process 
we achieved the same temporal resolution for fossil and local pa-
laeoenvironmental data. We then matched palaeoenvironmental 
predictors with MPD via their age.

2.4.2  |  Climatic predictors

In addition to the predictors derived from the sediment record, we 
included the following climatic predictors in the regression analysis: 
the global benthic δ18O isotope stack LR04 (Lisiecki & Raymo, 2005), 
δ18O planktonic isotope ratios – Medstack (Wang et al., 2010), and 
Northern Hemisphere summer insolation at the latitude of Lake 
Ohrid (i.e. 41° N). The latter was calculated with the R package ‘palin-
sol’ 0.93 (Crucifix, 2016) according to equations provided by Laskar 
et al. (2004). To match the MPD values with the age of climatic pre-
dictors, LR04 and Medstack were linearly interpolated, whereas the 
summer insolation was calculated with the ages of the assemblages.

2.4.3  |  Intrinsic biological predictors

To assess the impact of intrinsic biological changes (e.g. speciation, 
extinction, and population dynamics) on assembly processes and to 

avoid spurious effects of local palaeoenvironmental and climatic pre-
dictors, we included time as a predictor and allowed for discrete shifts 
in MPD at a given moment in time. The number of shifts was esti-
mated with a change point analysis in the R package ‘ecp’ 3.1.0 (James 
& Matteson, 2015). The same number of shifts or fewer (depending on 
whether time shifts could be explained by palaeoenvironmental and/
or climatic predictors) were allowed in the regression analysis. Ages 
of the shifts were not fixed as these might change when inferred to-
gether with palaeoenvironmental and/or climatic influence on MPD.

2.4.4  |  Response of deterministic assembly 
processes to local palaeoenvironmental, climatic, and 
intrinsic biological predictors

For our regression model, we excluded colinear local palaeoenvironmen-
tal and climatic predictors from the analysis (Pearson correlation > |.7|) 
and retained the following predictors: grain size, isotope composition, 
potassium, TOC, deciduous oaks, Medstack, insolation and time and 
time shifts as biological predictors. The model structure is as follows:

where MPDτ denotes the SES of the mean phylogenetic community 
distance at time τ, βpxp,τ the linear effect of the pth local palaeoenviron-
mental, climatic, or intrinsic predictor on MPD, �Sk the parameters for the 
effects of the kth time shift S (with the maximum of k = 6),�S7 the inter-
cept, and ετ indicates the model error. The notation �S7 was used for the 
intercept because the time most distant in the past was defined as the 
reference level (i.e. from 1.36 Ma until the earliest shift) and all effects 
β of the other shifts are relative to this level. Local palaeoenvironmental, 
climatic, and intrinsic predictors were centred to 0 and scaled to a vari-
ance of 1 to compare the strength of their influences on MPD (i.e. β).

We use Bayesian inference to obtain all parameters of the regres-
sion model through similar Hamiltonian Monte Carlo sampling using the 
‘brms’ package (details in Supporting Information Appendix S5, Table S7). 
The influence of local palaeoenvironmental and climatic predictors on 
MPD was quantified by calculating a partial R2, which is defined as the 
Bayesian R2 (Gelman et al., 2019) of the full regression model minus the 
R2 of a model without the effect of these environmental predictors.

3  |  RESULTS

3.1  |  Temporal evolution of Lake Ohrid Cyclotella 
sensu lato

The time-calibrated phylogeny of Thalassiosirales revealed highly sup-
ported interspecific relationships for all major clades (posterior probabili-
ties, PP > 0.95) and further indicated that the endemic Cyclotella s.l. species 
from Lake Ohrid form a paraphyletic group (Figure 2). Divergence time 
estimates suggested an age of the most recent common ancestor (MRCA) 

(1)

MPD𝜏 =𝛽1X1,𝜏+. . . +𝛽pXp,𝜏 +𝛽S1{
1if𝜏 ≤S1

0 if𝜏 >S1

+. . . +𝛽Sk {
1if𝜏 ≥Sk ∧𝜏 <Sk+1

0 if𝜏 <Sk ∨𝜏 ≥Sk+1

+𝛽S7 +𝜀𝜏
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for Cyclotella s.s. of c. 40 Myr, Discostella c. 10 Myr, Lindavia c. 13 Myr, and 
Pantocsekiella c. 6 Myr. The endemic Cyclotella fottii was revealed as sister 
to Pantocsekiella (PP = 1.0), which diverged about 8 Ma (Figure 2). The 
MRCA of the remaining endemic species Cyclotella bifacialis and Lindavia 
thienemannii and their respective sister groups probably originated in the 
Pliocene (c. 4 Ma) and Miocene (c. 7 Ma). The sister relationship between 
the endemic L.  thienemannii and the non-endemic Lindavia bodanica is 
highly supported (PP = 1.0), whereas those between the endemic C. bifa-
cialis and the non-endemic Cyclotella distinguenda and Cyclotella plitvicensis 
remain uncertain (PP = 0.60). The first occurrence of the endemic C. fottii, 
C. bifacialis, and L. thienemannii in the DEEP-5045-1 sediment record is 
estimated at c. 1.32, c. 0.62, and c. 0.12 Ma, respectively (Figure 3c).

3.2  |  Relative importance of deterministic 
assembly processes

According to Pagel’s λ and the phylogenetic model fit compari-
son, a strong phylogenetic signal was found for six ecological and 
morphological traits (e.g. areolae/alveoli in central area, central 

fultoportulae, striae length, and undulation of central area), whereas 
a weak signal was found for four traits and no phylogenetic signal for 
three (valve central area, valve marginal area, and areolae in 10 µm) 
out of the total of 13 traits (Table 1).

The SESs of the MPD between species of the communities were 
mostly below zero, suggesting phylogenetic clustering. We found four dis-
tinct periods of phylogenetic clustering during the last 1.36 Myr (greenish 
dots in Figure 4a; period 1: 1.36–0.61 Ma, period 2: 0.42–0.17 Ma, period 
3: 0.15–0.04 Ma, period 4: 0.01–0 Ma). In the time period 0.62–0.42 Ma, 
the phylogenetic community structure did not deviate substantially from 
zero, suggesting a random assembly scenario (blue dots in Figure 4a). The 
strongest overdispersions (MPD above zero) occurred between 0.17–
0.14 and 0.03–0.01 Ma (reddish dots in Figure 4a).

3.3  |  Temporal patterns of 
morphospace occupation

The observed Cyclotella s.l. species richness decreased until 
c.  0.9  Ma (Supporting Information Figure  S1a). In contrast to the 

TA B L E  1  Phylogenetic signal in different ecological and morphological traits

Trait (mean)

Brownian motion Pagel’s λ transformation

ΔAIC Interpretationσ2 λ Log-likelihood AIC σ2 λ log-likelihood AIC

1 Valve diameter 0.023 1.00 −23.44 50.88 0.004 .00 −22.05 50.10 0.77 WPS

2 Valve central area 0.064 1.00 −20.38 44.76 0.005 .00 −14.66 35.31 9.45 NPS

3 Valve marginal area 0.052 1.00 −22.64 49.27 0.004 .00 −14.30 34.60 14.67 NPS

4 Areolae in 10 μm 1.865 1.00 −43.87 91.78 0.064 .00 −32.73 71.46 20.29 NPS

Markov model Pagel’s λ transformation

ΔAICq λ Log-likelihood AIC q λ Log-likelihood AIC

5 Areolae/alveoli in 
central area

0.050 1.00 −8.92 19.84 0.027 .95 −8.57 21.14 −1.30 PS

6 Central 
fultoportulae

0.079 1.00 −9.48 20.96 0.065 .99 −9.42 22.84 −1.88 PS

7 Striae length 0.008 1.00 −3.98 9.96 0.008 1.00 −3.98 11.96 −2.00 PS

8 Undulation of 
central area

0.041 1.00 11.88 25.76 0.041 1.00 11.88 27.76 −2.00 PS

9 Alveoli structure 0.018 1.00 −5.35 12.70 0.018 1.00 −5.35 14.70 −2.00 PS

10 Lifestyle 0.005 1.00 −4.12 10.33 0.002 .00 −3.44 10.88 −0.55 WPS

11 Trophic 
preferences

0.683 1.00 −15.83 37.66 0.107 .00 −14.89 37.78 −0.12 WPS

0.327 0.015

10.37 0.022

12 Depressions/
papillae

0.118 1.00 −16.08 34.16 0.005 .00 −15.22 34.43 −0.27 WPS

13 Shape of central 
area

0.024 1.00 −18.52 39.04 0.004 .68 −16.08 36.15 2.89 MPS

Abbreviations: AIC, Akaike information criterion; NPS, no phylogenetic signal; WPS, weak phylogenetic signal; MPS, medium phylogenetic signal; PS, 
phylogenetic signal; σ2, rate of continuous trait evolution; q, transition rate between categorical traits. Phylogenetic signal (Pagel’s λ) is the length 
transformation of phylogenetic branches with λ = 1 indicating no transformation and that all trait divergence occurs during anagenesis, whereas 
λ = 0 points to trait divergence only at speciation events. ΔAIC expresses the difference in fit between models of trait evolution without and with 
branch length transformation.
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decreasing richness through time, the SES of the FRic (i.e. size of 
the occupied morphospace) progressively increased and reached a 
plateau at c. 0.6 Ma with a few exceptional positive spikes thereaf-
ter (Figure 4b), which is congruent with the phylogenetic community 
structure (Figure 4a). The negative correlation between species rich-
ness and SES.FRic (Supporting Information Figure S1b,c) indicates a 
denser packing of species inside the morphospace with higher spe-
cies richness.

3.4  |  Deterministic assembly processes in response 
to local palaeoenvironmental, climatic, and intrinsic 
biological changes

The regression model demonstrated that the mean phylogenetic 
distance of the community (SESs of the MPD) is mostly affected by 
intrinsic biological predictors (R2  =  0.765; Supporting Information 
Figure S2; Figure 5a). The MPD linearly increased towards the pre-
sent and shifted six times over the past 1.36  Myr (Figure  5a). Of 
the seven palaeoenvironmental predictors examined, the regres-
sion model indicated only a minor influence (partial R2 = 0.004; lim-
ited influence of priors on inferred effects; Supporting Information 

Figures  S3–S5) of two local palaeoenvironmental predictors on 
the phylogenetic community structure: grain size and δ18Olakewater 
(Supporting Information Figure  S6, Table  S8). Response analyses 
on the individual local palaeoenvironmental predictors revealed a 
higher MPD with decreasing grain size and increasing δ18Olakewater 
(Figure 5b,c).

4  |  DISCUSSION

4.1  |  Relative importance of deterministic assembly 
processes

Following the prediction of island biogeography theory on commu-
nity assembly, we sought to answer by which processes communi-
ties assemble over an extended time period after formation of a 
long-lived lake ecosystem. The strong phylogenetic signal revealed 
for most traits studied (Figure  3b, Table  1) suggests phylogenetic 
clustering of communities coincides with the co-existence of spe-
cies with similar functional traits and that environmental filtering is 
the prevailing mechanism over the entire 1.36-Myr history of the 
lake (greenish dots in Figure  4a). The observed increase of mean 

F I G U R E  4  Phylogenetic community structure and functional richness in Lake Ohrid over time. (a) Phylogenetic community structure 
among Cyclotella sensu lato species; greenish dots showing distinct periods of environmental filtering, reddish dots phases of species 
interaction, and blue dots phase of random assembly. The shaded polygon indicates the effect of taxon sampling. (b) Green curve shows 
the accumulation of functional richness, indicating small (< 0) or large (> 0) occupancy of niche space. The shaded polygon displays the 95% 
range for a rarefied taxon sampling. Vertical grey and white bars indicate glacial and interglacial periods, respectively. Blue bar at the bottom 
of the figure indicates shallow- and deep-water phases of Lake Ohrid.
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phylogenetic relatedness over time (Figure 5a) supports the predic-
tion that competition should become increasingly important as the 
ecosystem ages (Emerson & Gillespie, 2008; Rominger et al., 2016; 
Warren et al., 2015). However, as the latter process dominated only 
in two relatively short time periods between 0.17–0.14 and 0.03–
0.01 Ma (reddish dots in Figure 4a), it does not overturn the general 
prevalence of environmental filtering. A possible explanation for the 
slow change in community assembly processes towards increasing 
competition is the higher water depth during the interglacials as 
compared to the glacial periods and the ongoing deepening/wid-
ening of the lake at the early stage of its ontogeny, which in turn 
affected the available niche space. This interplay mitigated competi-
tion and therefore facilitated species’ coexistence. Our findings are 
in agreement with those from previous empirical community assem-
bly studies that suggest environmental filtering to be a key mecha-
nism in shaping microbial, animal, and plant communities across 
spatial (Vamosi et  al.,  2009) and temporal scales (Pineda-Munoz 
et al., 2021; Raia, 2010; Stoof-Leichsenring et al., 2020).

The strong community–environment relationship in the Lake 
Ohrid diatoms might be due to a combination of factors, including 
environmental changes, in situ evolutionary processes, and the high 
dispersal abilities of planktonic diatoms. The latter are likely to have 
enabled non-endemic species to recolonize Lake Ohrid after local 
extinctions. Besides the environmentally very dynamic early lake 
phase when shallow water conditions prevailed (e.g. Panagiotopoulos 
et al., 2020), Lake Ohrid was also subject to environmental and cli-
matic changes throughout its history, including glacial–interglacial 
cycles, volcanic ash depositions, earthquakes, lake-level fluctuations, 
and landslides, though no massive stressor events on taxa are docu-
mented (Wagner et al., 2017, 2019). All these factors influenced the 
lake and its biota via changes in physical-chemical conditions such as 
temperature, light, precipitation, and nutrient availability (Wagner 

et  al.,  2017). The changing environmental conditions enabled and 
necessitated the co-existence of species that share common traits to 
proliferate under certain ecological conditions, probably through re-
duced competition, specific growth strategies, or efficient resource 
use. The long co-existence of closely related species such as C. cav-
itata and C. fottii might also be facilitated by the long-term decline 
of in situ speciation and extinction rates, and a transition to stable 
communities (Wilke et al., 2020). In contrast, the disappearance of 
some closely related species from the record during the last two gla-
cial periods (see reddish dots in Figure 4a) can be explained by inten-
sified competition (e.g. between C. cavitata and C. fottii) as a result of 
reduced nutrient supply due to the unusually dry and cold conditions 
during these time periods (Sadori et al., 2016; Wagner et al., 2017). 
Consequently, the few planktonic species present during these gla-
cial periods were phylogenetically distinct and occupied different 
areas of the niche space (Figure 4b).

4.2  |  Temporal patterns of 
morphospace occupation

Deterministic ecological processes affect variation in species rich-
ness and, hence, in functional richness in a given assemblage (Neves 
et al., 2019). Environmental filtering, for example, has been shown 
to decrease functional differences among species and lead to a 
more densely packed morphospace (e.g. Collar et al., 2014). While 
previous studies have shown that packing is the dominant pattern 
of morphospace evolution (McClain, Barry & Webb, 2018; McClain, 
Nunnally et  al., 2018; Pigot et  al., 2016), a change in the mode of 
morphospace occupancy has been identified to operate across 
evolutionary time-scales in birds (Cooney et  al.,  2017) and cichlid 
fishes (Ronco et  al.,  2021). Our findings of an ongoing expansion 

F I G U R E  5  Response plots showing the relationship between phylogenetic community structure and (a) time with a linear increase and 
discrete shifts (i.e. intrinsic population dynamics of communities); predicted by the regression model, (b) grain size (high SES MPD = species 
competition; low SES MPD = environmental filtering), (c) δ18Olakewater (high SES MPD = species competition; low SES MPD = environmental 
filtering). The individual response plots were generated by keeping the other variables at their mean levels. The regression line is depicted by 
a solid line and the 95% credible intervals by shaded polygons. x-axis values were back-transformed to the observed scale after using values 
centered to a mean of 0 and scaled to a variance of 1 for the analysis. SES, standardized effect size; MPD, mean phylogenetic distance; PC1, 
principal component 1.
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contradict these studies and our prediction that species packing will 
be replaced by expansion over time. Niche space packing and envi-
ronmental filtering are especially pronounced until c. 0.6 Ma when 
species richness is high, whereas the slowly increasing importance 
of competition over time (with two pronounced peaks during the 
last two glacial periods) resulted in a decrease of species richness 
via extinction and an unpacking of niche space towards the present 
(Figure 4b; Supporting Information Figure S1a). The decline in spe-
cies richness over time, together with the negative relationship be-
tween species richness and occupied morphospace, suggests that 
niche space was indeed more densely packed at the initial stages of 
the ecosystem development as predicted by the island biogeography 
theory (Figure  4a; Supporting Information Figure S1a). This aligns 
well with the macroevolutionary trend for all Lake Ohrid endemic 
diatoms, where short-lived species were replaced by long-lived spe-
cies as the lake achieved long-term environmental stability at around 
1.1 Ma (Wilke et al., 2020). The replacement was particularly pro-
nounced in planktonic diatoms, probably because their traits make 
them more vulnerable to extinction compared to other diatoms 
(Wilke et al., 2020).

4.3  |  Deterministic assembly processes in 
response to environmental, climatic, and intrinsic 
biological changes

Environmental conditions influence the processes that determine the 
co-existence of species in an assemblage, for instance, through influ-
encing resource availability (Oliveira et al., 2020; Stoof-Leichsenring 
et al., 2020). Although we incorporated a number of key local pal-
aeoenvironmental and climatic predictors into our regression mod-
els, we found that intrinsic biological processes related to speciation 
or (local) extinction primarily influenced the assembly processes 
(Figure 5a). Population dynamics as well as stochastic disturbances 
related to dispersal limitation and evolutionary constraints on traits 
associated with morphospace occupancy may have also contributed 
to the planktonic diatom community assembly in Lake Ohrid.

Besides intrinsic biological processes, we only found a weak 
effect of environmental variables related to lake size variation and 
precipitation/evaporation fluctuations on assembly processes 
(Figure  5b,c). The interplay between ecosystem maturation, lake 
size and depth (especially during glacial periods) probably affected 
community assembly of diatoms, as is evident by the increased 
competition towards the present (Figure  4a). This interplay trig-
gered variations in water level and affected mixing processes, nu-
trient content, turbidity, and light availability in the water column 
(Cvetkoska et al., 2021; Wilke et al., 2020), which are important fac-
tors controlling diatom planktonic communities. Hence, we assume 
that the changes in assembly processes might have been additionally 
determined by some unmeasured environmental factors, potentially 
related to nutrients (in particular silica, phosphorus, and nitrogen), 
light intensity, pH, and water mixis. These factors, in particular the 
availability of phosphorus, have been shown to play a key role in 

shaping the contemporary diatom community structure (Cvetkoska 
et al., 2018).

5  |  CONCLUSIONS

Assembly of planktonic diatoms in Lake Ohrid was mainly deter-
mined by environmental filtering, whereas species competition 
dominated only in very short and recent time periods. Island bio-
geography theory postulates that competition becomes increasingly 
important over time. However, our findings indicate that environ-
mental filtering plays a greater role in structuring communities 
across the whole time period, with a tendency towards increasing 
competition at later stages. We also show that morphospace ex-
panded and became less densely packed over time as a consequence 
of the increased competition. The shifts in the relative role of the as-
sembly processes are primarily attributed to evolutionary dynamics 
related to species diversification or population growth. In contrast, 
these shifts were only weakly affected by local palaeoenvironmen-
tal predictors. The integrative analysis of community, morphological, 
genetic, and palaeoenvironmental data allowed us to obtain a more 
mechanistic understanding of how communities assemble over time 
and may thus serve as a basis for investigating the dynamic role of 
different assembly processes in other insular systems.
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