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Abstract. In fluctuating lake ecosystems, the severity of anthropogenic disturbance is often difficult to
assess because the magnitude of natural dynamics rivals or surpasses that of ecosystem alteration due to
human impact. Consequently, it is also difficult to evaluate the resilience of these ecosystems’ plant and
animal communities to that impact. Unfortunately, lake ecosystem response to natural cycles of lake-level
and salinity fluctuation at multi-annual time scales is poorly understood, due to complex relationships
between hydrological dynamics and the local availability or distribution of ecological niches. We present a
1650-yr-long paleoecological record from Lake Naivasha in Kenya (East Africa) which traces community
assembly and turnover in two prominent groups of benthic invertebrates (chironomids and ostracods) in
response to a climate-driven sequence of 10 major lake-level fluctuations. Over this time period, lake depth
(inferred from sedimentology) fluctuated between ~3 and >35 m, and salinity (inferred from fossil diatom
assemblages) varied between ~100 and ~23,500 pS/cm. Prior to ~780 yr ago, the unique community
response to salinity was stronger than to lake depth. Around that time the lake transitioned to a more open
hydrology, relatively stable freshwater conditions and greater prevalence of macrophyte-associated benthic
habitat, so that community response to variations in lake depth (and surface area) became stronger. Nota-
bly, major community restructuring in the course of this transition was not synchronous between the two
groups, because it depended on the proliferation of key freshwater species in each group. Our results
imply that (1) climate-sensitive lake ecosystems are more likely controlled by salinity change if both its
amplitude and frequency are large enough to induce ecological species sorting; (2) community response to
such salinity changes may be predictable, and likely to show coherence across different groups of aquatic
biota; and (3) the timing of major community restructuring strongly depends on the ecology of key species,
and whether the species sorting is driven by salinity change itself or indirectly by the salinity-dependent
availability of ecological niches.
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INTRODUCTION
Continental aquatic ecosystems contribute dis- 2006), creating urgency to prioritize conservation

proportionally to global biodiversity but also suf- measures (Silk and Ciruna 2013). However, effec-
fer record species extinction rates (Dudgeon et al.  tive allocation of conservation effort is to a large

ECOSPHERE % www.esajournals.org 1 January 2021 %¢ Volume 12(1) %* Article e03333

Check for
updates


https://orcid.org/0000-0002-4229-1518
https://orcid.org/0000-0002-4229-1518
https://orcid.org/0000-0002-4229-1518
https://orcid.org/0000-0002-9116-5446
https://orcid.org/0000-0002-9116-5446
https://orcid.org/0000-0002-9116-5446
info:doi/10.1002/ecs2.3333
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fecs2.3333&domain=pdf&date_stamp=2021-01-24

FRESHWATER ECOLOGY

extent system-specific, as it depends on the natu-
ral resilience of different types of continental
aquatic ecosystem, which is often unknown and
difficult to assess (here, resilience is defined as
the ability of an ecosystem to return to its origi-
nal state after disturbance; Muller et al. 2016).
This need to understand the relative resilience of
aquatic ecosystems to climate-related and other
anthropogenic impacts on lake hydrology has
reinvigorated interest in the ecological effects of
lake-level and salinity changes (Jeppesen et al.
2015, Gownaris et al. 2018). Especially in tropical
regions, the hydrology of many lakes is highly
climate-sensitive, particularly when situated in
an arid or semiarid climate regime. On time
scales of decades to centuries, these aquatic sys-
tems may even fluctuate back and forth between
being a deep lake with stratified water column
and drying out completely, with shallow-lake
and wetland phases in between. Yet, knowledge
on the long-term ecological and biodiversity con-
sequences of this fluctuating hydrology is
exceedingly scarce (Zohary and Ostrovsky 2011,
Kolding and van Zwieten 2012). A related and
increasingly widespread problem requiring simi-
lar system-level understanding is the secondary
salinization of inland waters due to water
abstractions (Williams 1999, Kaushal et al. 2005).

One prominent obstacle to improved under-
standing of lake ecosystem response to hydro-
logical change is the complex relationship
between the environmental variables water
depth, open-water surface area and salinity
(Jeppesen et al. 2015), especially in the continen-
tal waters that are naturally climate-sensitive.
Over very long time scales such lakes and ponds
tend to be smaller, shallow and saline when
water availability is low; and larger, deeper and
more dilute when water availability is high.
However, on intermediate time scales (years to
decades) the relationship between these vari-
ables is most often non-linear (Langbein 1960,
LaBaugh et al. 1996). This implies that in regio-
nal lake surveys, where those relationships are
analyzed through space-for-time substitution,
site-specific geology and hydrological trajectories
(e.g., hysteresis effects during a cycle of trans-
gression and regression) create noise which
obscures a distinct ecological response to water
depth, salinity, or both (Wigdahl et al. 2014). In
this respect, long-term ecological time series
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linked directly to abiotic environmental data
(Kalk 1979, McLachlan 1979, Vareschi and Var-
eschi 1984, Melack 1988) are much preferred, but
also scarce because documenting the aquatic
ecosystem response to climate-driven hydrologi-
cal fluctuation requires multi-annual, often dec-
ades-long ecological monitoring. This makes
paleoecological records particularly valuable for
assessing the natural long-term dynamics and
resilience of ecosystems (Seddon et al. 2014). As
for the specific question raised above, long time
series of paleoecological data may permit better
discrimination between the aquatic community
responses specific to changes in water depth and
salinity. Unfortunately, high-quality paleoecolog-
ical records from fluctuating lakes are also nota-
bly scarce, because such systems often fail to
accumulate the undisturbed sediment sequences
required to extract continuous time series
of ecosystem response to hydrological change
(Verschuren 2003).

This study investigates a 1650-yr-long fossil
record of the zoobenthos community inhabiting
the Crescent Island Crater (CIC) basin of Lake
Naivasha (Kenya). Submerged within the main
basin of Lake Naivasha (Fig. 1), CIC uniquely
combines the climatic sensitivity of a shallow Rift
Valley lake (a classic amplifier lake; Olaka et al.
2010) with the wundisturbed sedimentation
regime of a deep crater lake. Consequently, it has
preserved a continuous record of decadal to cen-
tury-scale fluctuations in water depth and salin-
ity (Verschuren et al. 2000a, Verschuren 2001,
Van der Meeren et al. 2019) as well as the ecologi-
cal impacts of this dynamic abiotic environment
on the local aquatic fauna (e.g., zooplankton:
Mergeay et al. 2004, 2011). In this study, we focus
on the history of its chironomid (larval non-bit-
ing midges) and ostracod (seed shrimp) commu-
nities, two important groups of zoobenthos in
continental waters worldwide (Wetzel 2001).
Crucially, diagnostic skeletal remains of both
groups are well preserved in lake-sediment
records (Walker 1987, De Deckker and Forester
1988). Specifically, we assess the timing and rela-
tive amplitude of their community-level response
to past climate-driven changes in water depth
and salinity to generate insight in the ecological
resilience of this and other climate-sensitive trop-
ical lake ecosystems to diverse and compound-
ing natural and anthropogenic disturbance.
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Fig. 1. (A) Location of the Lake Naivasha system (x) in the central portion of the Eastern Rift Valley in Kenya

(grayscale, with altitude in meter a.s.l.) and (B) Lake Naivasha, the submerged Crescent Island Crater and two

satellite lakes Sonachi and Oloidien, all with simplified bathymetry relative to a surface level of 1886 m. a.s.l.

(modified from Van der Meeren et al. 2019).

METHODS

Details about sediment-core collection, the pro-
cessing of fossil samples, and previous work on
the sediment record of CIC can be found in
Appendix S1. Fossil chironomid remains were
sampled at contiguous 4-cm intervals, and fossil
ostracods at contiguous 2-cm intervals, through-
out the 8.22-m sediment sequence. Two-by-two
summation of the ostracod counts to 4-cm inter-
vals produced matching chironomid and ostra-
cod time-series data with 200 observations, each
representing a time interval of on average eight
years throughout the lake’s 1650-yr history. Fossil
assemblages with similar species composition
(here defined as “ecological clusters”) were iden-
tified on the basis of Hellinger-transformed per-
cent species-abundance data, and grouped
together using a Bray—Curtis distance matrix and
Ward clustering algorithm. The optimal number
of such groups (clusters) was assessed by means
of k-means clustering (package factoextra in R,
Kassambara and Mundt 2017). One sample with
low ostracod count sum and monospecific
assemblage (100% Sclerocypris jenkinae) at 648 cm
(~800 CE) was omitted from this analysis because
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it produced outliers in the distance matrix. Strati-
graphically constrained clustering (CONISS;
Grimm 1987) was then used to determine the
timing of the most prominent events of faunal
turnover (i.e., shifts in community composition).
Appendix S2 explains the classification of the
recovered chironomid and ostracod species into
the ecological salinity classes stenotopic freshwa-
ter, eurytopic freshwater to salt-tolerant, halophi-
lic and halobiont.

Temporal dynamics in the zoobenthos commu-
nity of CIC are assessed with reference to the his-
tory of its abiotic environment, as reflected in the
independent reconstructions of (1) lake-level
fluctuations based on sediment texture and bulk
composition (Verschuren 2001, Van der Meeren
et al. 2019) and (2) salinity variations based on
changes in fossil diatom assemblages (Ver-
schuren et al. 20002, Van der Meeren et al. 2019).
Constrained multivariate analysis was used to
partition the observed temporal variation in fos-
sil assemblages toward these two environmental
forcings. Redundancy analysis (RDA; ter Braak
1994) and variance partitioning (VP; Borcard
et al. 1992) were performed in R using package
vegan version 2.3-3, on Hellinger-transformed
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percent-abundance  data of the fossil
assemblages. Diatom-inferred conductivity val-
ues were log-transformed (base 10) to obtain a
more even distribution. RDA and VP were per-
formed for the complete 1650-yr record and sep-
arately for the older and younger parts of lake
history, characterized respectively by alternating
fresh and saline phases (pre-1240 CE) and pre-
dominant freshwater conditions (post-1240 CE).
The timing of this division was determined by
stratigraphically constrained cluster analysis
(CONISS), using a Euclidean distance algorithm
and with diatom-inferred conductivity as sole
variable. Scores of the fossil assemblages along
the first partial RDA axis allowed to extract time
series of the unique community response to each
variable.

REsuULTS

Variation in water depth and salinity over the past
1650 yr

Major variation in reconstructed water depth
and salinity (Fig. 2) highlights the eventful envi-
ronmental history of CIC over the past 1650 yr
(Van der Meeren et al. 2019): Maximum water
depth varied between ~3 m during the extreme
low-stand which characterized the Medieval Cli-
mate Anomaly (MCA; c. 900-1200 CE) and
>35 m during the pronounced high-stand which
characterized the late Little Ice Age period (late
LIA; c. 1600-1780 CE). Lake-water salinity fluctu-
ated between minima of ~100 pS/cm (2.00 log
units) and maxima up to 23,500 pS/cm (4.37 log
units). Over the entire 1650-yr record of CIC,
water depth and salinity are inversely correlated
(r = —0.38; P < 0.001; n = 275): Low-stands were
associated with evaporative concentration of dis-
solved salts and high-stands with more dilute
conditions. Stratigraphically constrained cluster
analysis of the reconstructed conductivity values
reveals a major hydrological shift to have
occurred around c. 1240 CE, linked to the major
lake transgression which ended the MCA-period
low-stand (Van der Meeren et al. 2019). Overall
the pre-1240 CE period was characterized by a
higher mean conductivity with higher variance
(3099 + 5290 pS/cm) compared with the post-
1240 CE period (253 £ 152 puS/cm). Although the
inverse correlation between lake depth and salin-
ity is strong both before and after this transition
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(pre-1240 CE r = —0.42, P < 0.001, n = 151; post-
1240 CE r = —0.38, P < 0.001, n = 124), at least
five alternations between fresh high-stands and
saline low-stands (>3000 uS/cm) occurred before
1240 CE, whereas post-1240 CE this important
physiological threshold (Williams 1981, Hammer
1986) was never crossed.

Species-assemblage turnover and ecological
clusters

The 200 pairs of fossil assemblages comprised
28 species of chironomids (Verschuren et al.
2000a) and 21 species of ostracods (Van der Mee-
ren et al. 2019). Mean and maximum species rich-
ness of individual assemblages was 6.4 + 1.7
(max. 11) for chironomids and 4.1 + 1.9 (max.
13) for ostracods, based on a mean count sum of
62 + 39 (max. 188) for chironomids and
184 4 269 (max. 1626) for ostracods. Although
the ostracod yield (carapax valves) was thus in
general higher and more variable than that of
chironomids (larval head capsules), temporal
trends of fossil abundance in both groups are
similar (Appendix S3: Fig. S1) and significantly
correlated (r = 0.34, P <0.001 based on log-
transformed values). However, this should not
be interpreted to reflect similar trends through
time in the total live biomass or production of
these two invertebrate groups. More likely it
reflects congruence in the prevalence of post-
mortem transport between shallow-water areas
nearshore, where the densest populations of liv-
ing zoobenthos occur, and their burial location at
the offshore coring site (Verschuren et al. 2000b).
More pertinently, both groups also display simi-
lar overall trends in species richness (r = 0.27,
P < 0.001), especially a shared low diversity dur-
ing the 17-18th century high-stand and a shared
peak diversity around 1440 CE (Appendix S3:
Fig. S1). No difference in mean species richness is
found between the pre-1240 CE and post-1240
CE portions of the record in either chironomid
or ostracod assemblages (P values are 0.56 and
0.32, respectively). In the chironomid record,
the nine most common species together represent
between 78% and 100% (mean 96%) of the
fossil assemblage in any time interval
(Appendix S4: Fig. S1). In the ostracod record,
the five most common species together represent
50-100% (mean 98%) of any fossil assemblage
(Appendix S4: Fig. 52).
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Fig. 2. Reconstructions of variation in the water depth (in m) and salinity (as diatom-inferred conductivity, in
uS/cm) of Crescent Island Crater over the last 1650 yr, based, respectively, on sediment lithology and diatom-in-
ferred lake-water conductivity (Verschuren et al. 20004, Verschuren 2001; both updated by Van der Meeren et al.
2019); the dashed line marks the major hydrological transition around 1240 CE, separating the early and later
phases of lake history; see text for details. The timing of the Medieval Climate Anomaly (MCA) and the main
phase of the Little Ice Age (LIA) are indicated as general context of climate-driven hydrological change in Lake
Naivasha during the period covered by this study; see Nash et al. (2016) and Van der Meeren et al. (2019) for

additional information.

The 1650-yr CIC record reveals major turnover
in the composition of its chironomid and ostra-
cod communities (Fig. 3C, F) associated with
temporal variation in water depth and salinity
(Fig. 3D, E), with some similarities but also clear
differences between the two zoobenthos groups.
In the chironomid record, episodes with elevated
salinity and (most often) shallow-water condi-
tions were characterized by the presence of the
halophilic species Kiefferulus disparilis and/or
Microchironomus deribae. Often the dominant spe-
cies during such low-stands was the salt-tolerant
freshwater species Cladotanytarsus pseudomancus,
which today is found together with these halo-
philic species in the soda lakes of the Ethiopian
Rift Valley (Tudorancea and Harrison 1988), and
is generally associated with sandy substrates in
well-oxygenated but wind-sheltered habitats
nearshore (Verschuren 1997, Eggermont et al.
2007). The ecological cluster defined by these
three halophilic or salt-tolerant species (blue in
Fig. 3B) prevailed in CIC during five lake epi-
sodes when conductivity rose to a maximum of
23,500 pS/cm, and which together amount to
~65% of the pre-1240 CE part of the record. After
that time, it prevailed during two lake episodes
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with modest salinity (200-1000 puS/cm), the most
recent of which ended c. 1540 CE.

At the other extreme of the salinity gradient,
the stenotopic freshwater species Psectrocladius
viridescens (Verschuren 1997 and references
therein; Eggermont et al. 2006) has been a promi-
nent member of the local zoobenthos community
only after c. 1600 CE, when on average deeper
water and more dilute conditions prevailed.
High abundances of this species and of Dicro-
tendipes septemmaculatus characterize the fresh-
water ecological cluster (green in Fig. 3B). In
relative abundance, the latter species often
accounted for 30-50% (mean 37%) of the local
chironomid community during freshwater lake
episodes, whereas values <30% (mean 17%) are
more typical for inferred saline lake episodes. In
present-day Lake Naivasha, D. septemmaculatus
is mostly associated with shallow mud bottoms
(Clark et al. 1989) and with nearshore bottoms
rich in organic debris, but it also occurs offshore
in slightly greater water depths than C. pseudo-
mancus and P. viridescens (Eggermont et al. 2007).
Because of the common occurrence of D. septemn-
maculatus and C. pseudomancus in fossil assem-
blages representing either ecological cluster, the
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Fig. 3. Overview of changes in fossil chironomid and ostracod assemblages through time (A-C, F-H), in com-
bination with the water-depth and salinity reconstructions (D, E). (A) and (H) show stratigraphically constrained
clustering of 200 pairs of fossil assemblages, with the most prominent division in each indicated as a red dashed
line. (B) and (G) show hierarchical clustering of the same assemblages without stratigraphic constraint, reflecting
ecological clusters of species consistently occurring together. (C) and (F) show the percent abundances of the nine
most common chironomid species, and five most common ostracod species, ordered from left to right according
to increasing salinity optima; see text for details. Stenotopic freshwater species are indicated in yellow; eurytopic
and salt-tolerant species with a gradient from green to blue; halophilic/halobiont species in orange and red. The
ostracod Sarscypridopsis aff. trigonella (gray) could not be allocated to a specific ecological category due to lack of
distribution data, and all less common species are together indicated in white. Water depth (D) is expressed in
meter, salinity (E) as log-transformed diatom-inferred conductivity. The black dashed horizontal line indicates
the hydrological shift around 1240 CE, as in Fig. 2; see text for details.

most notable shift in chironomid community
composition as identified by CONISS is situated
c. 1610 CE, when P. viridescens became co-domi-
nant with D. septemmaculatus, often supple-
mented by C. formosipennis and C. pseudomancus
(Fig. 3C).
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In contrast with the chironomid record, no true
stenotopic freshwater or halophilic/halobiont
species can be identified among the most com-
mon ostracods inhabiting CIC over the past
1650 yr (Van der Meeren et al. 2019). The strati-
graphic distribution of Sarscypridopsis aff.
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trigonella is however clearly associated with low-
stands and elevated salinity, suggesting high
salinity tolerance. Potamocypris mastigophora,
although reported only from freshwater sites in a
survey of Kenyan and Ugandan lakes and ponds
(Rumes et al. 2016, Van der Meeren et al. 2019),
likely also has high salinity tolerance, as indi-
cated by its presence during episodes of hydro-
logical closure in Lake Oloidien (Verschuren
et al. 2000b) and its occurrence in Lake Abijata, a
soda lake in Ethiopia (Van der Meeren et al. 2019
and references therein). This species is further
linked to sandy or silty substrates (Verschuren
et al. 20000), which tend to expand relative
to muddy substrates during low-stands.
Thus, co-dominance by S. aff. trigonella and
P. mastigophora in the fossil ostracod community
characterizes a saline low-stand ecological cluster
(blue in Fig. 3G).

The ostracod Zonocypris costata is known for its
strong association with aquatic littoral vegeta-
tion, both in living or recently dead material
from Lake Naivasha (Verschuren et al. 2000b)
and in live ostracod collections from across
Kenya and western Uganda (Van der Meeren
et al. 2019 and references therein). Nevertheless,
this species must be considered eurytopic/salt-
tolerant (not stenotopic freshwater as in Cohen
et al. 1983), because living populations have been
reported from lakes with conductivity values
exceeding 3000 pS/cm (Van der Meeren et al.
2019). Consequently, its predominant occurrence
in freshwater habitats can be inferred to result
from the limited salinity tolerance of most aqua-
tic macrophytes in African lakes (Kipkemboi
2016). The species Physocypria capensis is only
loosely associated with the presence of aquatic
vegetation, but more strictly tied to freshwater
conditions (Van der Meeren et al. 2019). Domi-
nance by either Z. costata or P. capensis character-
izes the freshwater ecological cluster (green in
Fig. 3F). According to CONISS, the onset of
Z. costata prominence c. 1220 CE represents the
most important shift in the ostracod community
of CIC (Fig. 3H).

Community response to fluctuating water depth
vs. salinity

Redundancy analysis variance partitioning
indicates that for both groups of zoobenthos,
salinity fluctuation explains a larger unique
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fraction of the variation in fossil assemblages
than water depth (Fig. 4; Appendix S5: Table S1).
The total amount of variance explained is compa-
rable (22% in chironomids, 25% in ostracods),
and also the fraction of variation that cannot be
attributed to a single variable (the shared parti-
tion, due to collinearity) is of the same order of
magnitude. When considering the pre- and post-
1240 CE periods separately, salinity and water
depth together explain a larger fraction of com-
positional variation in pre-1240 CE chironomid
assemblages than post-1240 CE; the opposite is
the case for the ostracod assemblages. However,
in both groups the unique influence of salinity
variation is largest pre-1240 CE, while that of
water-depth variation is largest post-1240 CE
(Fig. 4).

The pRDA scores of fossil assemblages allow
to quantify the unique responses to water depth
and salinity over time (Appendix S6). For water
depth, the two groups show substantial diver-
gence in pRDAL scores, especially in the pre-720
CE part of the record and during the period
1400-1600 CE (Fig. 4; r = 0.28 between ostracod
and chironomid pRDA1 scores; P < 0.001). For
salinity, the pulsed-response long-term trend is
more similar in both groups of zoobenthos
(Fig. 5; overall r = 0.54; P < 0.001) except during
a few brief episodes (e.g., 420460 CE).

DiscussioN

Disentangling the ecological responses to variation
in water depth and salinity

Sound application of paleolimnological data to
infer past changes in ecological communities crit-
ically depends on the integrity of the studied
lake-sediment record as representing a long-term
ecological time series (Leavitt and Findlay 1994,
Cohen 2003). For reasons of conciseness, this
evaluation is here presented in Appendix S7.

Variance partitioning of our fossil-abundance
data, each representing one of 200 time windows
in the 1650-yr history of Lake Naivasha, revealed
a clear response of its zoobenthos community to
fluctuation in water depth and salinity (Fig. 4).
Yet, between 22% and 44% of the constrained
portion of this response could not be attributed
uniquely to one variable. The principal reason
for this outcome is the strong hydrological link
between lake depth and salinity at multi-decadal
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Fig. 4. Overview of variance partitioning (pRDA) results for the chironomid and ostracod assemblages. For
each group, the percentage of variance in assemblage composition that can be uniquely attributed to variation in
water depth and salinity is shown, as well as the shared partition of variance that cannot be attributed to either
one of these factors. Explained fractions are shown for the entire 1650-yr record (Full, 200 time slices), and for the

older (pre-1240 CE, 123 time slices) and younger (post-1240 CE, 77 time slices) parts separately.

and longer time scales, creating collinearity and
complicating the extraction of unique ecological
responses (Jeppesen et al. 2015). In the pre-1240
CE period, both this un-partitioned constrained
variance and the total explained variance are
greater in chironomids than in ostracods
(Appendix S1: Table S1). This tighter link of the
chironomid communities with the studied envi-
ronmental drivers, especially in the pre-1240 CE
period, is also visible in the alternation of ecolog-
ical clusters (Fig. 3). Apparently the joint
response of multiple chironomid species out-
weighs that of a more limited number of com-
mon ostracod species. In the post-1240 CE part of
the record, the un-partitioned constrained vari-
ance is relatively modest compared to the unique
effects of water depth and salinity in both chi-
ronomids and ostracods, in line with the now
diminished correlation between water depth and
salinity. This is mostly because prolonged phases
of open hydrology after 1240 CE, and especially
during the 17-18th century high-stand, flushed
the CIC basin of remnant salts (Verschuren et al.
2000a).

In the near-continuous freshwater conditions
prevailing after 1240 CE, community response to
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water depth is stronger than that to salinity in
both chironomids and ostracods (Fig. 4). In both
groups, this response is mostly driven by the
temporal dynamics of just one species, respec-
tively P. viridiscens and Z. costata. The rise to
prominence of these two freshwater species
(from c. 1610 CE and 1230 CE, respectively;
Fig. 3) is reflected in the more positive pRDA
scores on water depth in both groups
(Appendix Sé: Fig. S1). For chironomids, this is
noteworthy because D. septemmaculatus, which
occurs throughout the CIC record (Fig. 3) and
has been found to respond positively to water
depth in spatial contexts (Verschuren et al. 20004,
Eggermont et al. 2007), apparently did not do so
in this long-term temporal context, as long as
salinity fluctuated significantly. Part of the reason
for this stronger response to water depth may be
that zoobenthos communities thrived after each
lake transgression due to the high-quality food
source provided by flooded littoral vegetation, as
has been documented by McLachlan (1979) at
Lake Chilwa (Malawi). Zoobenthos response to
changes in aquatic macrophyte abundance
(linked to water depth and open-water surface
area) may also be stronger during freshwater
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phases than during saline episodes, due to
lagged vegetation response in the latter. This is
exemplified by Lake Oloidien post-1970 CE (Ver-
schuren et al. 2000b), where salinity-intolerant
aquatic vegetation failed to recolonize the lake
margin for decades after the end of a saline low-
stand. This lag was likely due to remnant salts in
sediment pore waters. In the case of CIC, such
lagged vegetation response would have been
enough to bridge most (short-lived) freshwater
episodes before 1240 CE. In this conceptual
model, zoobenthic community response to varia-
tion in water depth is mediated by (or even
depends on) the local occurrence of (abundant)
littoral vegetation. The few occurrences of the
stenotopic freshwater chironomid P. viridescens
in the pre-1240 CE period (Fig. 3C), all without
Z. costata (Fig. 3F), may reflect the occurrence of
vegetation-poor benthic habitat during transient
freshwater conditions associated with brief epi-
sodes of wetter climatic conditions.

X Disturbance level at

. given site and ecosystem
A 2

Freshwater

Frequency of
salinity change
Community turnover

v
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Based on the 200 time-slice observations in this
study, we find that, respectively, 22% and 25% of
the observed variance in fossil chironomid and
ostracod assemblages can be explained by the
independently reconstructed (not measured)
variation in water depth and salinity. These frac-
tions are comparable to those typically found in
regional hydro-ecological surveys, organized to
cover the widest-possible regional gradient in
water depth and salinity (and also measuring a
multitude of other environmental variables). For
example, 27% in an ostracod survey across 26
Kenyan lakes (Rumes et al. 2016) and 33% in a
chironomid survey across 60 Canadian lakes
(Larocque et al. 2006). Analyses of community
response across modern-day environmental gra-
dients potentially involve a greater amount of
noise from secondary gradients and site-specific
conditions than is the case with long-term moni-
toring or paleoenvironmental reconstruction at a
single site (Jeppesen et al. 2014). This is because a
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Fig. 5. Schematic representation of aquatic ecosystem response to salinity. (A) Community-scale response to
salinity change is generated above a threshold magnitude and associated frequency (modified from White and
Jentsch 2001). The exact shape of the negative correlation between magnitude and frequency (here conceptually
indicated by a linear slope) depends on the local system. (B) Turnover in aquatic invertebrate communities along
the complete inland salinity gradient as commonly encountered in hydro-ecological surveys, with major salinity
classes separated by commonly occurring thresholds for aquatic biota (Hammer 1986, and references therein). In
the freshwater range, multiple communities exist depending on, for example, pH, trophic state, depth, food-web
interaction, etc. The hypersaline range typically supports a single and species-poor halobiont community. Hydro-
climate-sensitive aquatic ecosystems are likely regulated by salinity only when its communities are frequently
pushed across a common and shared salinity tolerance limit (vertical stippled lines), irrespective of the magni-
tude of salinity change (green vs. orange arrows). See section Ecological functioning of hydroclimate-sensitive lakes
for further information.
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number of processes (hydrology, hydrochem-
istry, nutrient dynamics) are generally more vari-
able among a set of regional lakes than within a
single lake over time. Thus, even though the
environmental gradient covered by temporal
sampling at a single site is most often shorter
than that accomplished in a spatial survey, this
disadvantage is compensated by a more limited
impact of confounding factors. This benefit may
become particularly important for ecosystem
management when collinearity between stressors
obscures ecosystem response to each of them (De
Laender et al. 2012).

Hydrology-driven shifts in the zoobenthos
community

Faunal turnover between salt-tolerant/halo-
philic and more typical freshwater zoobenthos
in the CIC record is generally consistent
between the two analyzed groups (Fig. 3). Pre-
1240 CE, there is an overall dominance of salt-
tolerant species, mostly associated with pro-
nounced low-stands which resulted in hydrolog-
ical closure of the crater basin (Verschuren 2001,
Van der Meeren et al. 2019); post-1240 CE (from
c. 780 yr ago), this shifts to a dominance of
more strictly freshwater species. Even during
rapid environmental fluctuation (e.g., the low
-stand centered on 750 CE, which lasted less
than 50 yr), both groups often displayed equiva-
lent shifts in the abundance of salt-tolerant/halo-
philic species, albeit not always with the same
amplitude. The high explanatory power of salin-
ity before 1240 CE suggests similarity with the
process of invertebrate species sorting in tempo-
rary wetlands (Waterkeyn et al. 2008). Analo-
gous to the drought-induced compositional
similarity of aquatic communities tolerant to
desiccation (Chase 2007), the freshwater ostra-
cod and chironomid assemblages which inhab-
ited CIC before 1240 CE (green clusters in
Fig. 3) show remarkably little compositional
drift over almost 1000 yr of repeated salinity
crises. This is consistent with the notion that
high frequencies of disturbance reduce the
importance of competition and priority effects
(Grime 1979). Yet, long-term persistence of aqua-
tic habitat in CIC may to a large degree dampen
environmental (and thus habitat) unpredictabil-
ity in comparison with true ephemeral lakes
(Comin et al. 1991).
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The defining hydrological shift c. 780 yr ago,
from a fluctuating lake alternating between fresh
and saline conditions to one maintaining fresh
conditions, reduced the synchrony between the
two zoobenthos groups in faunal turnover.
Whereas in ostracods the prominent rise of
Z. costata around 1230 CE practically coincides
with this transition, among chironomids the key
species P. viridescens only established sizeable
(>10%) and stable abundances some 400 yr later
(c. 1610 CE). Whereas P. viridescens is a steno-
topic freshwater species (never recorded in Afri-
can lakes above 700 pS/cm; Eggermont et al.
2006), Z. costata is clearly tolerant of higher salin-
ities (up to 5800 pS/cm; Van der Meeren et al.
2019). This means that the low-stands centered
on 1360 and 1510 CE (with reconstructed con-
ductivities peaking at a modest 900 and 800 uS/
cm; Fig. 3E) would still have negatively affected
P. viridescens but not Z. costata. Eradication of the
former species during these two low-stands,
despite being associated with shallow-water
habitats (Eggermont et al. 2007), is clearly consis-
tent with a direct salinity response. In contrast,
the near-continuous prominence since 1230 CE of
Z. costata, of which the distribution among East
African lakes is strongly associated with aquatic
vegetation (Van der Meeren et al. 2019), points to
permanent establishment of vegetated shallow-
water areas around that time. Thus, whereas in
chironomids the most prominent community
shift of the past 1650 yr was controlled by one
key species’ physiological limit of salinity toler-
ance, in ostracods it was controlled by an indirect
effect of salinity change, namely the proliferation
of benthic habitats associated with freshwater
macrophytes (Verschuren et al. 20000).

Ecological functioning of hydroclimate-sensitive
lakes

A large body of literature is available on faunal
turnover along salinity gradients in lakes (Ham-
mer 1986, Hart et al. 1991, Green 1993, Schagerl
and Burian 2016), most of it based on surveys of
aquatic invertebrate communities in (a suitably
large number of) lakes with varying salinity.
These studies also spawned several paradigms
on the ecological functioning of hydroclimate-
sensitive lakes. One of these, the intermediate
salinity hypothesis of Herbst (1988), states that at
high salinities the abundance of (salt-tolerant)
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organisms is primarily limited by physiological
stress, whereas in the more diverse communities
prevailing at low salinities it is controlled by eco-
logical factors such as predation and competi-
tion. Based on the distribution of halobiont
Ephydridae in North-American salt lakes, this
hypothesis concerns environmental sorting at the
species level. In contrast, Williams et al. (1990)
and Williams (1998), who mainly referred to the
distribution of invertebrate communities in Aus-
tralian lakes, advocated an important role for fac-
tors other than salinity at elevated salinities, and
greater importance of salinity also at the lower
end of the salinity range. More recent work
added an explicit temporal dimension by cou-
pling salinity response of aquatic communities to
specific hydrological regimes, but mainly for
wetlands (Waterkeyn et al. 2008, Nielsen and
Brock 2009) where the ecological response to sea-
sonal hydrological and salinity changes are more
easily monitored than in lakes. The unique effects
of salinity vs. lake-level fluctuations on aquatic
community composition and persistence thus
remained largely unresolved (Jeppesen et al.
2015).

Based on our data documenting long-term
temporal dynamics in the zoobenthos commu-
nity of Lake Naivasha, we propose that the ideas
formulated thus far can be reconciled at the
ecosystem level, and that a broader framework
emerges when generalizing these ideas to explain
aquatic community turnover along the full salin-
ity gradient. In the temporal framework that we
consider, salinity is the dominant environmental
stressor or regulator (relative to other abiotic fac-
tors such as water depth, and biotic factors such
as food-web interactions) when one or more
salinity threshold values common to many biota,
either physiological or indirect, are crossed with
a certain frequency, and this irrespective of the
magnitude of salinity change (Fig. 5). Thus, even
large and/or relatively frequent salinity changes
will fail to elicit strong ecosystem response when
the disturbance regime does not cross the salinity
tolerance limit of key phytoplankton, zooplank-
ton, aquatic macrophyte, benthic invertebrate, or
fish species. Two examples of lakes with consid-
erable salinity fluctuation not inducing ecological
turnover are the hypersaline Mono Lake and
Dead Sea (Williams 1998). This is because halo-
biont communities thriving in the hypersaline

ECOSPHERE % www.esajournals.org

VAN DER MEEREN AND VERSCHUREN

range tend to consist of relatively few species
with extreme tolerance toward salinity fluctua-
tion (Hammer 1986). Conversely, even modest
salinity change can elicit major ecosystem
response when it involves the crossing of a salin-
ity threshold common to one or more key species
in the local ecosystem. The latter is exemplified
by the phytoplankton dynamics of saline Lake
Elementeita, immediately north of Lake Naiva-
sha in the Kenya Rift Valley, where population
crashes of dominant species were found to cause
cascading ecosystem shifts (Melack 1988). In the
present study, the ecological importance of salin-
ity fluctuations is exemplified by the pre-1240 CE
portion of the CIC record. Firstly, although not
stretching over a huge salinity range, the distur-
bance imposed by an on average rather dry
hydroclimate regime before and during the MCA
(Verschuren et al. 20004, Nash et al. 2016) pre-
vented establishment of the aquatic macrophyte
beds known to provide diverse microhabitats for
typical freshwater species. Secondly, frequent
crossings of the conductivity values 1000 and
3000 uS/cm, representing salinity thresholds
common to multiple groups of aquatic organisms
(Hammer 1986, Green 1993, Eggermont et al.
2006), created clear and deterministic community
shifts in both groups of zoobenthos (Fig. 3).
Onset of a similarly variable but on average wet-
ter hydroclimate regime about 800 yr ago
induced a long-term transition toward more con-
tinuous freshwater conditions and establishment
of a wide spectrum of macrophyte-associated
benthic habitats (Verschuren et al. 20004, Van der
Meeren et al. 2019). Consequently, it caused a
shift from salinity to water depth as dominant
driver of the lake’s zoobenthos community
dynamics.

Besides the direct and indirect effects of abiotic
thresholds being crossed, the trajectory and even-
tual outcome of community assembly is also
affected by the varied dispersal strategies of dif-
ferent groups of aquatic biota (De Bie et al. 2012)
as well as by ecological succession or priority
effects (Mergeay et al. 2011), which all create
additional variation in the presence and relative
abundance of individual species in an aquatic
community at any one time. The notion that his-
torical (i.e., preceding) disturbances and ecosys-
tem trajectories play a fundamental role in
community assembly, and co-determine the
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ecological drivers of a system (Ricklefs 1987), is
well established in river ecology (Boulton et al.
1992, Haghkerdar et al. 2019) but appears under-
appreciated in research on dynamic lake sys-
tems. High-quality paleoecological archives can
play an important role to fill this gap. The regula-
tory role of salinity in the history of Lake Naiva-
sha presents a case of how the long-term
dynamics of an aquatic community can be driven
by the frequency and magnitude of past distur-
bances, which are thus part and parcel of the
invisible preset (Magnuson 1990).

Relative magnitude of anthropogenic and natural
disturbance

Anthropogenic climate change and water
extraction cause increasing stress on hydrologi-
cally dynamic aquatic ecosystems worldwide,
necessitating a robust framework to understand
the longer-term vulnerability of such systems
and to develop prognoses for their future (Jeppe-
sen et al. 2015). However, this is complicated by
the often diverse hydrochemical response of
lakes to hydrological change, even within rela-
tively small regions (Tweed et al. 2011). More-
over, ecosystems are to some degree stochastic
due to ecological drift (Chase 2007), limiting
hope to predict the direction and magnitude of
community shifts in naturally dynamic environ-
ments. Without long-term reference frame, it
may be impossible to conclude if a lake at any
given moment is experiencing a relatively pre-
dictable and reversible shift in ecological state
(cf. the pre-1240 CE alternation between saline
and freshwater communities in CIC), or a more
fundamental and permanent regime shift (such
as occurred there c. 800 yr ago). Given that
human alteration of lake hydrology often
extends over multiple decades or even centuries,
only paleoecological data can provide the sys-
tem-level long-term perspective required to
properly assess the relative magnitude of anthro-
pogenic impacts and natural dynamics (Ander-
son et al. 2006, Willis and Birks 2006, Bennion
et al. 2011, Gell et al. 2013).

In this context, also Lake Naivasha (including
CIC) has been profoundly altered by human
impacts since the early 20th century; this
includes increased sediment and nutrient load-
ings from agriculture, stocking of fish and cray-
fish, water abstraction, and the introduction of
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exotic plants (Harper et al. 1995, Becht and Har-
per 2002, Mergeay et al. 2004, Stoof-Leichsenring
et al. 2011). Even within this historical period,
multi-faceted anthropogenic ecosystem alter-
ation is superimposed on the ecosystem effects
of major natural fluctuation in lake depth
(Fig. 3D) and surface area (between ~100 and
>200 km?), in recent decades supplemented by
changes in the lake’s water balance associated
with anthropogenic climate change. Given this
multitude of simultaneous stressors, it is alto-
gether striking that the zoobenthos community
of Lake Naivasha, as represented by the chirono-
mids and ostracods, has remained largely similar
during the 20th century as during the three cen-
turies prior. Having been confronted with a
highly dynamic environment through the ages,
high resilience in this zoobenthos community is
perhaps to be expected (Holling 1973). On the
other hand, highly dynamic aquatic ecosystems
such as Lake Naivasha complicate the setting of
ecological baseline conditions (Kotiaho et al.
2016) and/or a limit of acceptable change
(Finlayson et al. 2015), in the context of environ-
mental restoration: Although the varied anthro-
pogenic stressors may seriously affect ecosystem
functioning, this may not be uniquely discernible
at the level of its biological communities, nor
may it be possible to formulate adequate restora-
tion targets with regard to these communities.
Lake Naivasha is protected as a wetland of inter-
national importance under the Ramsar Conven-
tion since 1995, and managed in a basin-
integrated and research-guided manner by the
Lake Naivasha Riparian Association, with repre-
sentation of all domestic and industrial stake-
holders (Evrard and Harper 2002, Harper and
Mavuti 2004, Geheb and Kelly 2005). In this con-
text, paleoecological research can contribute
meaningful data to define the boundary condi-
tions within which the ecological character of
this and other important tropical wetlands can
be maintained under the Ramsar Convention
(Finlayson et al. 2015). Rather than concrete
restoration targets, the long-term paleoecological
data presented here provide the necessary
framework to truly understand habitat dynamics
and ecosystem functioning in fluctuating aquatic
ecosystems under natural conditions, as all-im-
portant benchmark in relation to anthropogenic
disturbance.
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