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Abstract

A high-resolution pollen and diatom stratigraphy has been studied from late-glacial annually laminated sediments
of Holzmaar (425 m a.s.l., Germany). The sediment sequence studied comprises 475 varves and includes two
environmental perturbations of different type and duration: the short, abrupt deposition of the late Allergd tephra
layer of the Laacher See volcano (LST, 11000 yr B.P.), and the more gradual onset of the *Younger Dryas climatic
cooling.

Numerical analyses involving (partial) redundancy analyses in connection with Monte Carlo permutation tests
suggest that the deposition of 78 mm of Laacher See Tephra had a statistically significant effect on the pollen
stratigraphy (percentage and accumulation rates), most probably because of the proximity of the site to the volcano.
The diatom accumulation rates also show a statistically significant change, whereas the diatom percentage data
do not change significantly. The between-sample rates-of-change in both biostratigraphies are higher at and just
after the LST event than at the transition to the Younger Dryas biozone. Sequence splitting of pollen and diatom
accumulation rate data also shows a clustering of significant splits at the LST event. A close correlation between
changes in the pollen and diatom percentage data for the investigated time-interval suggests a common underlying
climatic signal, whereas the accumulation rates of both biostratigraphies behave more individualistically and show
more short-term variability due, in part, to the inherent noise in the two data sets. Variance partitioning shows that
the local pollen and diatom assemblage zones explain much of the variance in the data-sets. Statistical modelling
using redundancy analysis shows that the changes in the diatom assemblages are best predicted by the Younger
Dryas biozone and the main changes in the pollen stratigraphy (as represented by the first PCA axis of the pollen
data).

The results suggest that the biostratigraphies studied at Holzmaar reflect generally stable systems which were
disturbed by the deposition of the Laacher See Tephra. After a phase of recovery both systems again reached a new
phase of stability prior to the long-term Younger Dryas climatic deterioration that perturbed the assemblages again.
The very close and statistically significant parallelism between the major stratigraphical patterns in the pollen and
diatom percentage data highlights the responses of the two biological systems to environmental perturbations at
different temporal scales.

Introduction structing past environmental conditions. Many of these
potential indicators originate not only from the aquatic
Lake sediments contain remains of a number of biotic environment but also from the catchment of the lake. It

and abiotic variables that can provide a basis for recon- is therefore possible to trace past changes in terrestrial
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Fig. 1. Map of Germany showing the location of Holzmaar and
Laacher See.

and aguatic ecosystems on a time-scale that commonly
exceeds the duration of long-term monitoring studies
(Jacobson, 1988; Charles et al., 1994). Moreover, it
is sometimes even possible to look at the behaviour of
past ecosystems at a micro-scale (cf. Delcourt et al.,
1982; Birks, 1986), depending on the available tem-
poral and spatial resolution of the fossil record. The
spatial resolution is largely a function of the surface
area of the lake (Jacobson & Bradshaw, 1981; Pren-
tice, 1985, 1988). The highest possible time-resolution
in lacustrine deposits is achieved by using annually
laminated sediments or varves, where each year is rep-
resented by two or several discrete layers (O’ Sullivan,
1983; Saarnisto, 1986; Peglar, 1993).

The speed of reaction of aquatic and terrestrial
ecosystems to perturbations such as forest fire or rapid
climatic change is commonly thought to be different.
Aquatic vegetation may react much faster than ter-
restrial vegetation for several reasons. In relation to
climatic improvement, Iversen (1954, 1964) discusses
the advantages of studying aquatic plants. Most aquatic
plants have a short life-cycle, i.e. they are annuals and
after germination they produce propagules each year.
These propagules are efficiently dispersed over long
distances by, for example, aquatic birds. Furthermore
the ability to colonize a lake by water plants may be
independent of pedogenesis. These features are also

8°52'50" E
Holzmaar

50°7'05" N
100m

Fig. 2. Bathymetric map of Holzmaar with coring sites. Contours
are in metres.

true for algae which have an even shorter generation
time. Therefore, aquatic plants and algae may react
with a minor or even without any time-lag to rapid
environmental change, in contrast to terrestrial vegeta-
tion where factors such as migration and pedogenesis
are assumed to play an important role (Wright, 1984;
Birks, 1986; Pennington, 1986; Ammann, 1989).

In the present study we examine the response of
presumed stable aquatic and terrestrial systems to two
different and distinct types of environmental pertur-
bations on the basis of a high-resolution time-scale
provided by annually laminated sediments. The distur-
bances are:

(i) the eruption of the nearby Laacher See vol-
cano as a single event of an extremely short duration
(weeks to months, see Van den Bogaard & Schmincke,
1985);

(i) the climatic cooling evidenced in many Euro-
pean biostratigraphies at the transition from the Allergd
to the Younger Dryas biozone (e.g. Coope, 1977; Sis-
sons, 1979; Welten, 1982). This transition is also well
documented in the oxygen isotope record of the Green-
land ice sheet (see, e.g., Dansgaard et al., 1982) as
well as in autigenic freshwater carbonates (e.g. Eicher
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Fig. 3. Lithology, dry density and estimates of organic matter (LOI 550) and of carbonates (L.OI 1030) for the Holzmaar sedimentary sequence
examined. The horizontal line marks the transition from the Allergd (II} to the Younger Dryas (1II} biozone.

& Siegenthaler, 1976; Lotter et al.,, 1992a) and may
have occurred within 50-100 years (Roszanski et al.,
1992; Alley et al, 1993).

These two perturbations of different type and dura-
tion provide an opportunity to study past ecological
dynamics in response to rapid environmental change.
Our main interest is focused on the reaction of aquatic
and terrestrial biota to these two very different types
of environmental change.

The site

Holzmaar, the site we have investigated, is located in
the West Eifel Volcanic Field of the Rhenish Massif,
50 ki northeast of Trier, Germany (6 °53'E, 50 °7'N)
at an elevation of 425 m a.s.l. (Fig. 1). The Holzmaar
basin has a circular morphology and is of volcanic
origin. The lake was formed ¢. 40000-70000 years
ago (Biichel, 1984) and has a modern maximum water
depth of 20 m (Fig. 2), a surface area of 0.58 x 10° m?,
and a volume of 0.64 x 10® m3. The shallow arm in
the southwestern corner of the lake basin was created
by a dam built during the 16** or 17" century, which

caused a rise in lake level of about 3 m. Holzmaar is
a mesotrophic to eutrophic and dimictic lake with a
slight trend towards anoxic conditions below a water
depth of 15 m. Hustedt (1954) described the diatom
flora in surficial sediments and listed Cyclotella comta,
C. stelligera, Stephanodiscus astraea var. minutula,
and Syrnedra acus var. angustissima as the dominant
planktonic taxa.

The bedrock of the catchment (2.06 km? area) is
composed of Devonian sand- and silt-stones, thinly
covered with pyroclastics and loess-like deposits. Most
of the drainage basin is used as arable land today. The
natural vegetation of beech forests is restricted to the
rim of the crater walls. Modern climatic conditions
are characterized by a mean annual precipitation of
800 mm and a mean annual temperature of 7.5 °C, with
mean July temperatures of 16 °C and mean January
temperatures of —1 °C.

Methods

Several sediment cores were recovered from the cen-
tre of Holzmaar (see Fig. 2) with a modified Living-
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Fig. 4. Local pollen and diatom assemblage zones and their duration in relation to chronozones and Firbas biozones.




stone piston corer. Microstratigraphical investigations
of large-sized sediment thin sections from overlapping
cores HZM-B/C were carried out with a petrographic
microscope. Varves were counted as the mean num-
ber of varves for every 10 mm. Dry density (dry-
ing at 105 °C), organic carbon (loss-on-ignition at
550 °C=L0I 550), and inorganic carbon (loss-on-
ignition at 1050 °C=LOI 1050) were estimated on
samples from core series HZM-E/F (see Fig. 3), with a
stratigraphical resolution of 1 cm increments above the
Laacher See Tephra (LST) and 2 cm below LST.

Forty contiguous sediment samples of Holzmaar
core HZM-B/C, comprising a known volume and num-
ber of varves {cf. Table 1), were sampled for pollen
and diatoms. Pollen samples were prepared according
to Lotter (1988) and spiked with Lycopodium tablets
for estimation of absolute pollen concentrations. The
pollen sum includes at least 350 arboreal pollen (AP)
and non-arboreal pollen (NAP) per sample. Spores and
pollen of obligate aquatics are excluded from this sum.
Diatom samples were prepared with 30% H,0; and
10% HCI according to Battarbee (1986) and spiked
with microspheres (Battarbee & Kneen, 1982). A min-
imum of 400 valves were counted per sample. Tax-
onomic identification of diatoms follows Krammer
& Lange-Bertalot (1986-1991). Accumulation rates
and their statistical errors were estimated according to
Maher {1981).

Zonation of both the pollen and diatom stratigraphy
(expressed as percentages) was carried out numerical-
ly using the methods described by Birks & Gordon
(1985) and Grimm (1987). Chord distance was used as
the dissimilarity coefficient. Taxa with less than three
occurrences and with relative abundance of less than
0.5% were excluded for the numerical zonation, leav-
ing a total of 26 pollen taxa and 36 diatom taxa. The
zonation adapted was based on consistency between
the results from different numerical procedures (Birks
& Gordon, 1985).

The pollen and diatom data were analyzed numeri-
cally using various procedures, as discussed below. As
a preliminary guide to the choice of numerical meth-
ods that assume either a linear or a unimodal response
of taxa to underlying gradients (Ter Braak & Prentice,
1988), detrended canonical correspondence analyses
{Ter Braak, 1986, 1987) were done. In these anal-
yses sample age was the only constraining external
variable, detrending was by segments, and non-linear
rescaling was applied, resulting in the first axis being
scaled in standard deviation (SD) units (Hill & Gauch,
1980). These are a simple measure of the compo-
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sitional turnover within the interval 920-960 cm at
Holzmaar shown by the pollen and diatom data when
expressed as relative percentages and as annual accu-
mulation rates. The results (Table 2) show that all the
data-sets have short gradient lengths (<1 SD unit)
and that there is greater total variance (=inertia) in
the diatom data than in the pollen data. Interestingly
there is little difference in total variance between the
percentage and accumulation-rate data. In light of the
short gradient lengths, linear-based numerical methods
such as principal components analysis and redundancy
analysis (Ter Braak & Prentice, 1988) have been used
throughout this study.

Results
Sediment stratigraphy

This study focuses on the late Allergd and early
Younger Dryas sediment including the Laacher See
Tephra layer (LST). This part of the sedimert sequence
from Holzmaar {(depth range from 920-960 cm) is com-
posed of four major lithological units (see Table 3 and
Fig. 3). Sediment composition as well as dry densi-
ty profiles are illustrated in Fig. 3. The diatomaceous
gyttja is characterized by low dry densities with mean
values of 0.4 g cm ™~ and high vatues for organic matter
(10-30% LOI 550) and carbonate (4-12% LOI 1050).
The minerogenic layer of LST has high dry densities
(>1 g em™3) and very low loss-on-ignition values.
The lithological transition from Allergd-age diatoma-
ceous gyttja to the silty gyttja of the Younger Dryas at
924 cm is characterized by an increase in dry densi-
ty related to the higher minerogenic composition. The
organic matter (ILOI 550) record shows much vari-
ation at this transition, probably caused by various
dynamic and highly variable erosional processes in
the catchment and around the lakeshore. Carbonate
values drop below 4% LOI 1050. These sediments
are annually laminated (organic varves) and provide
a reliable tool for dating purposes. The varves con-
sist of spring/sumnier layers with chrysophyte cysts,
planktonic diatoms and calcium carbonate or some-
times siderite crystals, and autumn/winter layers with
benthic diatoms and minerogenic detritus (Zolitschka,
1990). For this study the varve record was used to
establish a relative chronology for the time window
from the late Allergd biozone to the early Younger
Dryas biozone (Table 1 and Fig. 4).
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Table 1. Varve chropology of the Holzmaar sediments investigated in this study

! !

Sample # #varves  Time-scale (varves) Depth (cm)  Volume (cm®) mm yr™ yrem™
1 12 0 919.8 0.45 0.417 24.00
2 14 12 9203 0.81 0.643 12.60
3 13 26 921.2 1.08 0.923 10.83
4 11 39 922.4 0.99 1.000 10,00
5 10 50 9235 0.54 0.600 16.67
6 12 60 924.1 0.81 0.750 13.33
7 10 72 925.0 0.45 0.500 20.00
8 9 82 925.5 0.45 0.555 18.00
9 11 9 926.0 0.45 0.455 22.00
10 12 102 926.5 0.72 0.667 15.00
1 10 114 927.3 0.54 0.600 16.67
12 12 124 927.9 (.90 0.833 12.00
13 12 136 928.9 0.54 0.500 20.00
14 12 148 929.5 (.54 0.500 20.00
15 10 160 930.1 045 0.500 20.00
16 10 170 930.6 0.81 0.900 111t
17 8 180 931.5 0.90 1.250 8.00
i8 10 188 932.5 0.45 0.500 20.00
19 10 198 933.0 0.45 0.500 20.00
20 9 208 9335 1.17 1444 6.92
21 It 217 934.8 0.45 0.455 22.00
22 10 228 935.3 0.45 0.500 20.00
23 3 238 935.8 0.45 0.625 16.00
24 8 246 936.3 0.45 0.625 16.00
25 7 254 936.8 0.45 0,714 14,00
26 7 261 937.3 0.45 0.714 14,00
27 7 268 937.8 0.45 0,714 14.00
28 7 275 938.3 045 0.714 14.00
29 8 282 938.8 0.90 1.250 8.00
30 12 290 939.8 0.63 0.583 17.14
31 5 302 940.5 0.90 2.000 5.00
LST 1 307 941.5 78.000 0.13
32 15 308 949.3 0.72 0.533 18.75
33 20 323 950.1 0.90 0.500 20.00
34 21 343 951.1 0.90 0.476 21.00
35 19 364 952.1 0.90 0.526 19.00
36 19 383 953.1 0.90 0.526 19.00
37 24 402 934.1 1.33 0.625 16.00
38 18 426 955.6 0.90 0.556 18.00
39 16 444 956.6 0.90 0.625 16.00
40 i3 460 957.6 0.63 0.467 2143
475 958.3

Chronology

On the basis of replicate varve counts, a floating abso-

lute chronology was established (Table 1). The top of

the first sample was arbitrarily given the year 0. The
LST represents an excellent isochronous time-marker
for correlations. It was deposited between varve 307
and 308 (Table 1). Several radiocarbon dates through-
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Table 2. Results of detrended canonical correspondence analyses (detrending by segments and non-linear
rescaling) with sample age as the sole constraining external variable

Diatom data Pollen data

Percentage  Accumulation rate Percentage = Accumulation rate
Number of taxa 29 29 18 18
Gradient length (SD units)  0.84 0.70 0.30 0.44
Total inertia 0.38 0.36 0.14 0.13

Table 3. Sediment lithology of Holzmaar core HZM-B/C according to Troels-Smith (1955)

Carbonaceous and slightly silty diatomaceous gyitja, laminated {Sh2, Lsol, Agl, Lc+)

896-924 cm Silty gyttja, laminated (Ag2, Asl, Shi, Lso+)

924-941 cm

941-949 cm Laacher See Tephra, grainy, homogenous (Gmin4)

9491024 cm Carbonate-rich diatomaceous gyttja, laminated (Sh2, Lsol, Lel)

out Central Europe indicate an age of ¢. 11000 radio-
carbon years B.P. for this prominent volcanic ash layer
(c.g. Siraka, 1975; see also Ammann & Lotter, 1989
and references therein). Therefore, this event can be
used to mark the boundary between the chronozones
of Allergd (AL) and Younger Dryas (YD, Fig. 4, see
also Mangerud er al., 1974; Lotter et al., 1992b). In
terms of absolute ages, Hajdas ez al. (1993) have dated
the LST to 123504135 cal. years B.P. and the onset
of the Younger Dryas biozone to 12 125+86 cal. years
B.P. in laminated Swiss lake sediments.

Pollen stratigraphy

The high-resolution pollen stratigraphy (Fig. 5) com-
pares well with a previously published pollen stratig-
raphy from Holzmaar (Usinger & Wolf in Zolitschka
et al., 1992) as well as with other palynological inves-
tigations of Maar lakes in the Eifel region by Straka
(1975) and Usinger (1982, 1984). The investigated
pollen stratigraphy includes the last part of the Allergd
biozone (I sensu Firbas, 1949, 1954) as well as the
onset of the Younger Dryas biozone (I11, see Fig. 4).
The numerical zonation revealed two major local
pollen assemblage zones (PAZ), both of which can be
further subdivided into sub-zones (see Fig. 4). During
its lower part PAZ P-1 is characterized by high values
of Betula and Pinus pollen (PAZ P-1a). By means of
biometric measurements of the birch pollen, Usinger
(1982) was able to show that at the nearby Meerfelder
Maar {(c. 7 km away) both Betula pubescens and B. pen-

dula were present during the pine phase of the Allerpd
biozone (II). The Populus values in Meerfelder Maar
are somewhat higher during this period which could be
alocal site effect, a result of the 100 m higher elevation,
or a combination of both.

The LST interrupts the late Allergd pollen record
abruptly for 78 mm (Fig. 3). Two samples directly
above the LST are characterized by higher NAP val-
ues, especially by increased percentages of Gramineae
pollen (Fig. 5). These two samples, therefore, form
a separate sub-PAZ (P-1b). A similar phenomenon of
increased Gramineae pollen just after the ST has been
observed in Meerfelder Maar (Usinger, 1982, 1984) as
well as at other central European sites (Birks & Lotter,
1994).

Following this short interruption, Betula still dom-
inates the pollen spectra with Pinus as a subdominant
taxon. During this sub-PAZ (P-1c) the vegetation may
have consisted of open birch forests. In the absence
of any macrofossil analysis and of any occurrences of
Pinus stomata, it is difficult to know if pine was present
locally during this part of the Allerpd biozone (If) in the
catchment of Holzmaar. However, with the increase in
pine percentages at the onset of local PAZ P-2a stomata
of Pinus do occur. This agrees well with results from
other parts of Europe where pine macrofossils indicate
the local presence of this tree when pine pollen per-
centages exceed 20-30% (e.g. Ammann & Tobolski,
1983; Tobolski, 1985; Schneider & Tobolski, 1985;
Lotter, 1988).
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Table 4. Results of (partial) redundancy analysis (RDA) of the impact of the Laacher See Tephra
on the diatom and pollen assemblages at Holzmaar. The values are exact probability values
based on 999 restricted Monte Carlo permutations, The accumulation-rate data were loge (y+1)
transformed prior to RDA. A variance-covariance matrix between variables was used for these
data. The percentage data were loge (y+1) transformed prior to RDA. Double centring was applied
so as to implement log-linear contrast RDA (Ter Braak, 1986),

AR = accumulation rates; % = percentage data

Model Covariables Diatom AR Diatom %  Pollen AR Pollen %
Allergd+Age+Ash  — 0,07 0.01%* 0.01%* 0.0
Ash Allergd+Age  0.01** 0.14ns 0.01%* 0.04*

** significant at p<0.01
* significant at 0.01<p<0.05
ns not significant at p>0.05

Tuble 5. Resulis of principal components analysis (variance-covariance matrix between vari-
ables) expressed as percentage variance represented by axes 1 and 2. The ratio of the eigenvalues

of axis 1 to axis 2 is also given

Diatom data Pollen data

Percentage = Accumulation rate Percentage  Accumulation rate
Axis 1% 524 31.8 47.1 36.7
Axis 2% 8.2 16.0 173 16.9
Axisl/Axis2  6.39 1.99 272 2.17

The increasing NAP values, mainly Gramineae,
characterize the onset of local PAZ P-2b (Fig. 5). The
occurrence of Pinus stomata suggests that pine was still
growing in the catchment of Holzmaar. The pine-birch
woodland might have been more open or flowered less
well than during PAZ P-1, as indicated by the increased
percentage values of NAP. Considering the results from
other Maar lakes (Straka, 1961, 1975; Usinger, 1982,
1984) and other palynologically investigated sites in
Central Europe, this sub PAZ (P-2b) can be correlated
with the Younger Dryas biozone (III).

Diatom stratigraphy

The diatom stratigraphy of the same sediment has been
subdivided into three main diatom assemblage zones
(DAY, see Figs 4 and 6) The major part of the sequence
is dominated by Stephanodiscus parvus (DAZ D-1).
This whole DAZ is characterized by high amounts of
planktonic diatoms (Fig. 7). On the basis of the abun-
dance of Cyclotella ocellata, DAZ D-1 can be subdi-
vided into an initial C. ocellata-rich sub-DAZ (D-1a),
followed by sub-DAZ D-1b characterized by very high
values of S. parvus. After the deposition of the LST
the diatom stratigraphy can be further subdivided into

an initial Asterionella formosa-rich (D-1a;) phase and
a second, Cyclatella krammeri-rich phase (D-1az).

DAZ D-2 represents a transition zone characterized
by decreasing amounts of planktonic diatoms (main-
ly S. parvus) and increasing percentages of Fragilar-
ia brevistriata, whereas DAZ D-3 is characterized by
high amounts of periphyton, especially Fragilaria spp.
(mainly F brevistriata, see Fig. 7).

Accumulation rates

With the high temporal resolution available for this
core (Table 1), it is possible to estimate accumula-
tion rates (AR) for both pollen (Fig. 8) and diatoms
(Fig. 9). These AR are thought to reflect, in part, the
past abundances of terrestrial vegetation and of past
diatom assemblages. Due to the short generation times
of diatoms, their AR are generally more variable than
the pollen AR (Fig. 10).

Discussion

The discussion centres on assessing the effects of the
deposition of the LST and of the Younger Dryas cli-
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Fig. 7. Summary percentage diagram for pollen physiognomic life-forms and diatom life-forms of core Holzmaar HZM-B/C. LST marks the
deposition of the Laacher See Tephra. PAZ =local pollen assemblage zones. DAZ = diatom assemblage zones.
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Table 6. Results of variance partitioning of the diatom and pollen percent-
age (%) and accumulation rate (AR) data at Holzmaar using redundancy
analysis and different sets of external ‘predictor’ variables. The statisti-
cal significance (p) of each model was assessed by 99 restricted Monte

Carlo permutations

Predictor Diatoms Pollen
% AR % AR

All % 474 18.5 40.6 299

p 001 0.01 0.01 0.0t
Sample age % 20.1 8.7 5.9 2.8

p  0.13ns  0.15ns 0.82ns  0.94ns
Younger Dryas/ % 4i1 12.8 304 10.0
Allergd biozones  p 0.01 0.01 0.01 0.37ns
Laacher See % 2.5 5.8 8.6 16.9
Tephra p 089%s 0.32ns 0.52ns  0.01
Local zones % 46.1 18.4 39.4 29.0

p 001 0.01 0.01 0.01

ns = not significant, p>0.05

matic deterioration on the diatom and pollen assem-
blages. After considering the effects of these perturba-
tions, the discussion considers patterns of stratigraph-
ical variation in the diatom and pollen data, rates of
change, sequence splitting, and variance partitioning
in the different data-sets, and statistical modelling of
the observed changes in diatom stratigraphy in rela-
tion to a range of possible explanatory environmental
variables.

Laacher see tephra

The eruption of the Laacher See volcano produced at
least 5-10 km? of phonolite magma (Van den Bogaard
& Schmincke, 1985; in comparison the Mt. St. Helens
eruption in 1980 produced ¢.1 km?*, Findley, 1981) that
spread over wide parts of Central and Northern Europe.
Despite Holzmaar being located only ¢. 60 km to the
southwest of the source of the tephra, its sedimentary
record received only 78 mm of tephra and the amount
of tephra deposited in its catchment may have been
of the same magnitude. This was due mainly to the
prevailing northwestern and southern winds during the
time of the eruption of the Laacher See volcano that
spread the major part of the eruptive tephra in these
directions.

The tephra deposits may have affected the vege-
tation in the caichment as well as in the lake through
burying or mechanical overloading of plants, depend-
ing on the thickness of the tephra cover. Howev-
er, observations on the impact of the Mt. St. Helens

eruption on terrestrial vegetation (Mack, 1981) show
that, outside the actual blast zone where there was
total destruction, the direct effects of ashfall were not
severe.

The impact of the Laacher See Tephra on the diatom
and terrestrial pollen assemblages at Holzmaar was
assessed statistically using (partial) redundancy anal-
ysis and restricted Monte Carlo permutation tests (see
Lotter & Birks, 1993 for details). The results are sum-
marised in Table 4. The model where broad-scale cli-
matic change (represented by the dummy variables
Allergd and Younger Dryas), long-term unidirectional
change (represented by sample age), and ash impacts
(represented by a decreasing exponential model) are
all used as explanatory variables is statistically signif-
icant (p<0.01) for all four data-sets. However, when
the effects of climatic change and long-term shifts are
partialied out as covariables, a statistically significant
impact (p<0.05) of the ST is suggested for the diatom
AR, pollen AR, and pollen percentage data, but not for
the diatom percentage data.

These numerical analyses suggest that the LST had
a statistically significant effect on the terrestrial pollen
assemblages in terms of both relative composition and
absolute rates, and presumably also on the composi-
tion and density of the terrestrial vegetation within the
catchment of Holzmaar. This is not surprising con-
sidering the proximity of the site to the Laacher See
volcano. The sample just above the LST shows not
only higher NAP percentages (Fig. 7) but also high-
er AR for all taxa (Figs 8 and 10). However, it is
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Fig. 9.
DAZ=diatom assemblage zones.

mainly the pollen AR of light-demanding taxa such
as Juniperus, Artemisia, and Gramineae that increase
in the sample just above the LST. This sample con-
tains 5 varves (Fig. 8). In contrast, only the diatom
AR appear to have been impacted significantly by the
LST. There is a non-significant (p=0.14) result for a
partial redundancy analysis of the percentage diatom
data suggesting that no statistically significant change
occurred in diatom composition in response to the LST

Diatom accumulation rates for selected taxa in Holzmaar core HZM-B/C. LST marks the deposition of the Laacher See Tephra.

deposition (Birks & Lotter, 1994), but that the diatom
AR show a statistically significant response to the LST.
The LST effects on the Holzmaar diatom assemblages
were thus on their absolute abundances rather than on
their relative abundance and composition.
Limnological studies in Washington lakes receiv-
ing only airborne tephra after the Mt. St. Helens erup-
tion showed no major effect on either water chem-
istry or biology, whereas the lakes in the blast zone
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were heavily influenced (Baross et al., 1982; Wissmar
et al., 1982a, 1982b). However, like the pollen AR,
the total diatom AR at Holzmaar also increase after
the deposition of the LST (Figs 9 and 10). A sim-
ilar increase in the absolute number of diatoms has
been observed after a modern ashfall which persisted
for eight years {Kurenkov, 1966). Palaeolimnological
sediment studies often also show a marked increase
in the number of diatoms above tephra layers (Bars-
date & Dugdale, 1972; Harper et al., 1986). This may
be due to enhanced diatom preservation as a result of
an increase in the dissolved silica concentration in the
pore water (see e.g. Klee ef al., 1993). However, as the
diatoms are well preserved above and below the LST,
we believe that this effect is not the major reason for
the increased AR. According to Van den Bogaard &
Schmincke (19835), the main constituents of the tephra
are Si0; (¢. 60%), Al O3 (c. 20%) and NayO (c. 10%).
The increase in overall diatom AR may therefore be
explained as a result of the high silica input from the
glass particles of the tephra. Furthermore, the 78 mm
thick tephra layer is likely to have reduced the chemi-
cal exchange at the sediment-water interface and may
therefore have affected the recycling of nutrients from
the sediment. This effect, in connection with higher Si
concentrations, could explain the short-lived changes
in diatom assemblages (i.e. DAZ D -1a;, 17 varves,
and D-1a3, 29 varves) before the system returned to its
original condition (see Kilham, 1971).

Although benthic organisms should, in theory, be
affected most by tephra deposition, this seems not to
be the case at Holzmaar (Figs 6 and 7). Periphytic
diatoms and mainly the sum of all Fragilaria species
show significantly increased accumulation rates for at
least 60 years after the LST (i.e. in D-la, and D-
las). As the core was taken from the deepest part
of the basin, planktonic taxa (Stephanodiscus parvus,
Cyclotella spp.) are most prominent. The development
of these planktonic assemblages can only be directly
affected if the tephra stays in suspension for along time
by, for example, water movement which would resus-
pend and redistribute tephra material from the littoral
zone of the lake. However, this is not very likely as no
significant amounts of tephra particles were detected
in the annual layers above the LST during microstrati-
graphical thin-section analysis. Moreover, the absolute
amount of planktonic diatoms remains constant after
the deposition of the LST (Fig. 10).

Both the pollen and diatom stratigraphies suggest
that the impact of the eruption on the environment at
Holzmaar (corresponding to P-1b and D-1a,) was very

short, in the order of 10-20 years maximum (Fig. 4).
Other biostratigraphical studies associated with tephra
horizons have not shown any substantial effect of
ashfall on terrestrial vegetation (e.g. Tsukada, 1972;
Leopold et al., 1982; Lotter & Holzer, 1989, 1994;
Newnham & Lowe, 1991; Lotter & Birks, 1993; Hall
et al., 1994; Birks, 1994), whereas the diatom assem-
blages have changed in some lakes (e.g. Edmondson,
1984; Harper et al, 1986; Abella, 1988; Lotter &
Birks, 1993; Hickman & Reasoner, 1994). Howev-
er, the sampling intervals of most of these studies are
rather coarse and the stratigraphical records are there-
fore only registering long-term changes.

An interesting feature is revealed by the AR of both
pollen and diatoms (Fig. 10). Before the deposition of
the LST, the values for both groups are rather low but
stable. After the perturbation caused by the deposition
of the LST both systems show higher, more variable
AR. After this perturbation phase the AR again attain a
phase of stability until the onset of the Younger Dryas
biozone (III). After the LST deposition, the AR of
periphytic diatoms and Fragilaria species mainly fluc-
tuate for a period of ¢. 60 varves, whereas in the pollen
assemblage it is mainly the herbaceous taxa that react
over the same time period. The similar duration of this
phase of instability suggests a common cause. This
may have been the effect of, for example, redeposition
processes in the littoral part of Holzmaar. However, as
the fluctuationsin AR are not synchronous between the
pollen and diatom stratigraphies (Fig. 10), their cause
may originate from outside the hydrological catch-
ment. In comparison with other studies of volcanic
effects, this duration seems too long to reflect an unam-
biguous climatic change. In a floating pine chronolo-
gy, which covers the time-span between ¢. 11300 and
10800 radiocarbon years B.P., Kaiser (1989, 1991)
attributes a ¢.12 year decrease in tree-ring width to
the effect of the Laacher See eruption. Other examples
of tree-ring depressions over 10-15 years after vol-
cano eruptions have been detected by Baillie & Munro
(1988) and Baillie (1994). Ash coating of trees can-
not be the cause for these depressions as Mack (1981)
showed that this coating is largely washed off during
rainfall. However, this depression in tree growth may
be explained by aerosols and fine tephra particles that
have been transported into the stratosphere. Conse-
quently, they can diffuse or even block the solar energy
reaching the Barth for some years and thus lower the
temperature for some time (Baillie & Munro, 1988). It
is possible that the increased variability of the pollen
and diatom AR after the L8T deposition may have



resulted, in part at least, from climatic changes follow-
ing the Laacher See volcanic eruption.

Younger Dryas

The response of the terrestrial vegetation to the cli-
matic cooling at the onset of the Younger Dryas (i.e
the transition from P-2a to P-2b, see Figs 5 and 7)
occurred 216 varves after the deposition of the LST.
This time-span correlates well with results from other
studies in laminated sediments from Switzerland (210~
220 yr: Lotter, 1991; Hajdas et al., 1993) and northern
Germany (188-204 yr: Merkt in Kaiser, 1993). Den-
drochronological data from Switzerland (Kaiser, 1989,
1991) suggest a time period estimated to be at least 195
years between the eruption of the Laacher See volcano
and the end of the Allergd Interstadial. This transition
is not only evidenced in the pollen percentages (Fig. 5)
but also in the absolute values (Figs 8 and 10): the tree
AR (mainly Pinus, but also Betulo and Salix) decreased
steeply, whereas the values of the NAP AR remained at
a broadly constant level. These relatively stable NAP
values suggest that the density of the pine-birch wood-
land may have been more or less the same as it was
during the Allergd biozone (II), but that the flowering
of pine and other trees might have been inhibited due
to climatic change in the Younger Dryas.

The transition from D-1b to D-2 occurs 205 varves
after the deposition of the LST. It is mainly char-
acterized by a decline in planktonic taxa (especial-
ly Stephanodiscus parvus, see Fig. 6) and a steady
increase of Fragilaria spp. (mainly F brevistriata).
This can be evidenced in both the percentage (Figs 6
and 7) and AR values (Fig. 9). The dominance of small
Fragilaria species is characteristic for the late-glacial
history of many lakes in Europe and North Ameri-
ca (e.g. Round, 1957; Haworth, 1976; Rawlence,
1988). Several hypotheses for the lack of planktonic
species and the dominance of these periphytic Frag-
ilaria species have been put forward: for example, a
long ice cover of the lake can result in only the lit-
toral part being available for algae to live (Smol, 1983,
1988) and/or an increased nutrient input may result
from soil erosion. High light penetration in an olig-
otrophic lake as well as a lake level lowering can also
lead to assemblages dominated by benthic Fragilar-
ia species. According to the other constituents of the
diatom assemblage a trend towards oligotrophic con-
ditions in the lake can be excluded, whereas a lowering
of the lake level due to changes in the precipitation pat-
terns is a hypothesis that should be considered. Several
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investigations in the Alps, however, indicate a wet first
part and a dry second part of the Younger Dryas (see
e.g. Lotter ef al., 1992a). Furthermore, neither the
lithology (Table 2, Fig. 3) nor the diatom assemblages
(Fig. 6) in PAZ D-2 give any indications for shore ero-
sion and associated reworking of littoral sediments and
diatoms.

The change in the diatom flora at the time of the
Allergd-Younger Dryas transition occurs one sample
(i.e. 11 varves) earlier than in the pollen assemblages,
Assuming the same environmental trigger, the dura-
tion of this lag-phase between the terrestrial and the
aquatic system seems very short as we would expect
the aquatic system to react substantially earlier than
the terrestrial system. However, no lag is evident if
the cross-correlation (Green, 1981, 1982) between the
sum of Fragilaria spp. and the NAP sum is calculated.
This more or less synchronous behaviour of terrestrial
pollen and diatoms contradicts the classical concept of
the different reactions of terrestrial and aquatic vege-
tation in relation to climate change (e.g. Iversen, 1964;
Wright, 1984). However, a comparable synchronous
behaviour of aguatic and terrestrial systems has been
observed in northern Canada (MacDonald ef al., 1993)
as well as in many combined studies of pollen and oxy-
gen isotopes from the Alps (e.g. Lotter ef al., 1992a),
where the major 680 shifts are assumed to reflect con-
tinental climatic change without any lag phase. Both
pollen stratigraphy and §'30 changes closely paral-
lel each other. It thus seems likely that the onset of
change in the diatom record at Holzmaar may reflect
the crossing of a critical ecological and/or climatic
threshold associated with the Allergd-Younger Dryas
transition.

Pollen-diatom patterns of variation

The summary percentage curves of pollen and diatom
life-forms, especially the curves of NAP and of the
Fragilaria spp., show very similar patterns (Fig. 7),
suggesting a common controlling factor. Cross-
correlation analysis (Green, 1981, 1982) of the NAP
and the sum of Fragilaria spp. atlags of 0, 1,2, ... 7
samples shows the highest correlation (0.74) at a lag
of 0.

The major patterns of variation in the diatom- and
pollen-stratigraphical data were summarized by means
of principal components analysis (PCA}. The percent-
age data-sets were transformed to square roofs prior to
PCA of the variance-covariance matrix between vari-
ables using a correlation biplot scaling (Ter Braak,
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1987, 1990), whereas the AR data were transformed to
log.(y+ 1) prior to PCA. The results are summarised
in Table 6.

PCA axis 1 of both the diatom and pollen percent-
age data represent over 45% of the total variance in
the two data sets and are 6.4 (diatoms) and 2.7 (pollen)
times larger than PCA axis 2, suggesting that the major
underlying patterns of variation in these two data sets
are reflected by PCA axis | only. When the sample
scores are plotted against sample age (see Fig. 11) for
the two data-sets, a clear correspondence in the PCA
scores emerges with the two data-sets closely parallel-
ing each other in terms of shifts in the sample PCA
scores. Cross-correlation analysis of the two sets of
PCA axis 1 scores shows that the highest correlation
{0.79) occurs at a lag of 0, indicating a close and sig-
nificant parallelism between the major stratigraphical
patterns of variation in the two percentage data-sets.

When expressed as AR, the pollen and diatom data
have a less dominant PCA axis 1 (Table 5; 36.7% and
31.8%, respectively) that is only two times larger than
PCA axis 2. There is a much poorer cotrespondence
between the sample scores on PCA axis 1 than for
the percentage data. Cross-correlation analysis shows
no significant cross-correlation except at a lag of 7
samples. With a short time series such as this (40 sam-
ples), a statistically significant correlation at a lag of
7 is unlikely to have any ecological significance. We
conclude that there is a strong similarity in the major
patterns of variation, as captured by PCA, in the diatom
and pollen data when expressed as percentages but not
when they are expressed as AR. This is mainly due to
the inherent noise in the AR data sets originating from,
for example, different population dynamics as well as
taphonomic processes. This noise is greatly reduced
when the data are transformed to percentages.

Rates of change

Rates of change in the diatom and pollen data-sets were
estimated for the percentage data as chord distance
(=Euclidean distance of square-root transformed data;
Prentice, 1980) per 10 years and for the (logey+1)
transformed AR data as Euclidean distance per 10
years. No interpolation or smoothings were used (cf.
Grimm & Jacobson, 1992). The rates of change shown
in Fig. 12 are thus simply the chord distance or
Euclidean distance between adjacent pairs of samples
standardised to take account of the different time inter-
vals between adjacent samples (Bennett et al., 1992;
Lotter et al., 1992¢). The problems of estimating rates

of change in palacoecological data are discussed by
Lotter et al. (1992¢) and Odgaard (1994),

The percentage diatom data show three high rates
of change at 258, 279, and 296 years, whereas the
pollen percentage data only have high rates of change
at 265 years. The rate of changes in the AR data are
naturally more variable, but both the diatom and pollen
AR data show periods of high rate of change beginning
at 304 years and ending at about 240 years.

The most striking common pattern in both the
pollen and diatom rate-of-change curves with percent-
age and AR data is the low rate of change before
the deposition of the LST. After the LST deposition
all curves show a sharp increase indicative of rapid
changes between adjacent pollen and diatom assem-
blages. The common trend in these changes continues
for ¢. 60 years after the LST and then the curves start
to react in a more individualistic way.

Sequence splitting

The diatom and pollen AR for individual taxa are
analyzed using Walker & Wilson’s (1978) sequence-
splitting technique in an attempt to see what taxa show
statistically significant changes in their AR and to see
when these changes occurred (see Birks & Line, 1994
for details). Of the 29 diatom taxa analyzed, 23 showed
statistically significant binary and/or variance splits,
whereas of the 18 pollen taxa examined, 12 showed
statistically significant splits. There are clear concen-
trations or clustering of the significant splits (Fig. 13)
between 290 and 308 years (diatoms) and 308 and 324
years (pollen). The null hypothesis of random location
of these splits is strongly rejected (p<0.0002) Using
the Gardiner & Haedrich {1978) test for random posi-
tioning of boundaries. Interestingly this concentration
of splits occurs at or very soon after the deposition of
the LST at 308 years, suggesting that AR changes in
many terrestrial pollen taxa and in diatoms may have
occurred in response to the LST perturbation. In con-
trast, there are very few statistically significant splits
associated with the Allerad/Younger Dryas transition
(Fig. 13).

Variance partitioning

The total variance in the diatom and pollen data-sets,
expressed as both percentages and as AR was parti-
tioned into a series of components defined by different
sets of external ‘predictor’ variables (Borcard ef al.,
1992). All variance partitioning was done with redun-
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Fig. 11. Sample scores of PCA axes 1 plotted on an age scale for pollen and diatom percentages (%), and accurnulation rates (AR). Horizontal
dashed lines mark the location of the Laacher See Tephra (307 yr, LST) and the transition between the Allergd (II) and Younger Dryas biozones

(91 yr, 1ID).
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Fig. 12. Rates of change per 10 years for pollen and diatom percentages (%), and accumulation rates (AR). Horizontal dashed lines mark the
location of the Laacher See Tephra (307 yr, I.ST) and the transition between the Allergd (I1) and Younger Dryas biozones (91 yr, IVIII).
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Fig. 13. Sequence splitting results for pollen and diatom accumulation rates (AR). (a) Location of samples, Laacher See Tephra (307 yr, LST),
and the boundary between the Allergd and Younger Dryas biozones (91 yr, IVIID. (b) Location and number of significant splits in the pollen
data. {¢) Location and number of significant splits in the diatom data. Note that the number of significant splits between time 7 and time £+ 1 is

drawn at time £

dancy analysis (RDA) based on a variance-covariance
matrix between variables. The percentage data were
transformed to square roots prior to RDA, whereas
the accumulation rates were transformed to log.(y + 1)
priorto RDA. The variance components estimated are:
(1) variance explained by sample age, LST, Younger
Dryas or Allergd biozone, and all local pollen or
diatom assemblage zones, so-called ‘All predictors’;
(2) variance explained by sample age only; (3) variance
explained by the Younger Dryas or Allergd biozone;
(4) variance explained by LST only; and (5) variance
explained by local pollen or diatom assemblage zones
only. The results are summarized in Table 6.

The RDA model that includes all predictor vari-
ables explains over 40% of the variance in the percent-
age data and 18-30% variance in the AR data. Sam-
ple age alone is not a statistically significant explana-
tory variable, indicating the absence of any signifi-
cant linear temporal trends, whereas assignment of the
samples to either the Younger Dryas or the Allerad
biozones explains up to 41% of the variance in the
percentage data. These biozones provide statistically
significant RDA results for all the data-sets except for
pollen AR. In contrast LST, modelled as an exponential
process (see Lotter & Birks, 1993), is a non-significant
predictor for all the datasets except for pollen AR.

The local diatom or pollen assemblage zones explain
almost as much of the variance in the four data-sets as
is explained when all the predictor variables are includ-
ed in the model. All the RDAs based on local zones
are statistically significant.

The main conclusions from these variance parti-
tionings are that the local zonation, not surprisingly,
is the most important set of predictor variables, close-
ly followed by the Allergd/Younger Dryas biozones,
except for the pollen AR. LST is not a statistically
significant explanatory variable for the different data
sets (except for the pollen AR) when it is the sole pre-
dictor variable. It is, however, statistically significant
(Table 4) for all the data-sets except for the diatom
percentages when the effects of biozone and sample
age are partialled out statistically. In terms of their rel-
ative explanatory powers, the local assemblage zones
and the Allergd/Younger Dryas biozones are the most
important explanatory variables. This is not surprising
as the zones are derived from the data. LST by itselfis a
weak and non-significant explanatory variable (except
for the pollen AR, see Table 6). This result suggests,
therefore, that the data consist of zones of stability with
little additional within-zone stratigraphical change, i.e.
a very low additional percentage of the variance in the
data is explained by the local zones {except for the
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pollen AR) when compared with the major broad-scale
Allerpd-Younger Dryas transition (diatom %: 46.1 vs
41.1; diatom AR 18.4 vs 12.8; pollen % 39.4 vs 30.4;
pollen AR 29.0 vs 10.0, see also Table 6).

Modelling

In an attempt to see how well the diatom data could be
explained or modelled by the external predictor vari-
ables such as biozone, local pollen zones, age, LST,
etc., a RDA was done of the diatom percentage data.
External predictors included all those used in the vari-
ance partitioning plus axes 1-4 of the PCA of the pollen
percentage data. These axes were used as a summary
of the major stratigraphical patterns in the pollen data
(variance represented by axes 1-4 is 47.1%, 17.3%,
5.8%, and 4.8%, respectively). All 13 predictor vari-
ables, including pollen PCA axes 1-4, explain 61% of
the variance in the diatom percentage data. Forward
selection of variables was used with 999 unrestricted
Monte Carlo permutation tests to find a minimal subset
of statistically significant (p <0.05 with Bonferroni cor-
rection for multiple simultaneous tests; Cooper, 1968)
predictors. Three predictor variables were deemed sta-
tistically significant and together they explain 50.2%
of the variance in the diatom percentage data. They
are, in order of importance, Younger Dryas biozone
(41%, p=0.001), pollen PCA axis 1 (5%, p=0.001),
and local pollen zone P-1c (4%, p =0.002), suggesting
that there is a strong response of the diatom relative
composition to the Younger Dryas environmental shift
and to the major pattern of variation in the pollen per-
centage data represented by PCA axis 1.

A similar analysis was done using the diatom AR.
Axes 1-4, based on PCA of the loge.(y+1) trans-
formed pollen AR data, were included as predictor
variables, along with the 13 predictor variables used
above. Together they explain 51.2% of the variance
in the diatom AR. Forward selection identified the
Younger Dryas biozone (13%, p=0.001), LST (8%,
p=0.003), and local pollen zone P-1c (6%, p,=0.004)
as the only statistically significant predictors of the
diatom AR data. These three variables explain 27%
of the tota] variance in the diatom AR. The empirical
modelling results show the importance of the Younger
Dryas biozone as an explanatory variable for both the
diatom percentage and AR data of terrestrial vege-
tational changes for the diatom percentage data, and
of LST for the diatom AR. The diatom stratigraphy
closely parallels climatic, vegetational, and/or tephra-
depositional changes.

Conclusions

1. The two perturbations studied were of very different
duration and type. The eruption of the Laacher See
volcano and the subsequent deposition of its airborne
tephra was a drastic but short event that occurred within
weeks and had a regional impact, whereas the climatic
cooling related to the Younger Dryas happened over
decades and was of continental or even global nature.
The rates-of-change as well as studies on the impact
of both these perturbations on ecosystems can only
be assessed by investigations that have a high time-
resolution.

2. The eruption of the Laacher See volcano and
its tephra deposition show an influence on the pollen
assemblages at Holzmaar, both in relative and absolute
values. Due to the vicinity of the catchment to the
volcano, the birch-pine woodland was affected for a
short period of the order of two decades (PAZ P-1b).
Subsequently the vegetation recovered and after ¢. 120
years (PAZ P-1c) it stabilized again.

The diatom assemblages show only minor changes,
suggesting that the tephra deposition did not change
the chemistry of the lake significantly. However, after
the tephra deposition, diatom population abundances
increased substantially, possibly due to the additional
silica input.

3. The onset of the Younger Dryas biozone is well
marked in the pollen assemblages of Holzmaar. It is
characterized in the diatoms by a synchronous change
in species composition from the dominant planktonic
species Stephanodiscus parvus to assemblages charac-
terized by Fragilaria brevistriata. The diatom succes-
sion, mainly when expressed as percentages, but to a
minor degree also as AR, is best predicted statistically
by the Younger Dryas biozone as well as by the major
pollen gradient (represented by the first PCA axis).
This strong relationship between the two independent
systems suggests climate change to be a common forc-
ing factor. Surprisingly both systems appear to have
reacted simultaneously to the changing climatic con-
ditions.

4. Our results suggest that the Holzmaar pollen
and diatom records initially reflect stable conditions
which were then disturbed by deposition of the Laacher
See Tephra. After a phase of recovery both systems
again reached a phase of stability before the long-term
change associated with the Younger Dryas climatic
deterioration changed the assemblages again. The LST
perturbation primarily resulted in changes in pollen and
diatom AR, whereas the onset of the Younger Dryas



resulted in changes in both pollen and diatom AR and
relative composition.
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