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Timing of the precipitation optimum in the Holocene for the
semi-arid northern China affects our understanding of the tempo-
ral-patterns of the East Asian Summer Monsoon and its connection
with precipitation in the monsoon fringe area. Discrepancies about
when this occurs (early Holocene or mid-Holocene) exist in paleo-
climate records based on various proxies and models. What causes
these discrepancies is still a hot topic [1]. Past annual precipitation
(Pann) was reconstructed from Holocene pollen spectra extracted
from Gonghai Lake by Cheng et al. [2] using a subcontinental scale
modern pollen dataset (n = 1865, mostly covering China and Mon-
golia) and the modern analogue technique (MAT) to reveal the Pann
temporal patterns for semi-arid northern China and to assess the
reliability of model estimations and the uncertainty of pollen-
based reconstructions. Cheng et al.’s [2] Pann reconstruction has
an early-Holocene maximum, contrasting with previous Pann
reconstructions from the same pollen spectra [3] and from other
Holocene fossil pollen spectra spread across northern China [4],
which all show a mid-Holocene maximum. After investigating
the limitations of MAT and the reconstruction processes under-
taken by Cheng et al. [2], we conclude that their Pann reconstruction
methodology yielding an early-Holocene maximum is not reliable.

The basic assumption when applying MAT is that similar biolog-
ical assemblages are deposited under similar environmental condi-
tions, such that the environment of a fossil sample can be
estimated by comparison to its modern analogues [5,6]. To produce
a reliable reconstruction, MAT requires a reasonable coverage of
modern environmental conditions within a restricted (bio-)geo-
graphic space, because a calibration-set with a large spatial extent
will increase the risk of ‘‘multiple analogues”, where similar mod-
ern biological assemblages reflect different environmental condi-
tions and thus bias the reconstruction [5,6]. The limited
taxonomic resolution of pollen identification (generally at genus
or even family level) also implies that the risk of ‘‘multiple ana-
logues” is higher for a pollen-based environmental reconstruction
than for other biological data, particularly in an area with high
plant diversity (e.g., eastern Asia) [7]. Therefore, for a pollen-based
past climate reconstruction, particularly when using MAT, the spa-
tial extent of the calibration-set ought to be reasonably restricted
[7] and/or pollen taxa separated into different regional groups [8]
to avoid the risk of ‘‘multiple analogues”.

The subcontinental scale modern pollen dataset employed by
Cheng et al. [2] covers various (bio-)geographic and climate zones
characterized by a high plant diversity [9]. In the dataset, various
plant species that differ in their climate envelopes are represented
by a single pollen taxon, for example, Pinus, Picea, Betula and Quer-
cus [10]. Even worse, pollen taxa with similar phenological and cli-
mate constraints were combined by Cheng et al. [2] into the same
plant functional type (PFT; for instance, Abies, Picea and Pinus were
combined into a PFT named by boreal evergreen conifer) for calcu-
lating the dissimilarity between fossil and modern data [2]. This
approach improves the ‘‘analogue quality” superficially, while
simultaneously increasing the risk of false matches [5,7,8]. Hence,
MAT is not the optimal option for this subcontinental modern pol-
len dataset with low taxonomic resolution, and the Pann recon-
struction showing an early-Holocene maximum completed by
Cheng et al. [2] bears a particularly high risk of being based on
‘‘multiple analogues”.

Unfortunately, Cheng et al. [2] did not share their modern pol-
len dataset in their supplementary materials, thus we constructed
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a modern pollen dataset [11] (n = 2559, climate data obtained from
WorldClim climate data version 2 following Cheng et al. [2]) from
the same geographic and climatic ranges (likely containing mostly
the same samples) to test the hypothesis that temporal occurrence
of the Holocene Pann-maximum in samples from northern China
depends on the spatial extent of the modern dataset. Two pol-
len–Pann calibration-sets were established by MAT based on origi-
nal pollen percentages of (1) all available sites (‘‘large set”) and (2)
sites within a 1000-km radius around the Gonghai Lake (‘‘small
set”), which were then used to reconstruct Pann for the Gonghai
pollen spectra. For comparison, weighted-averaging partial least
squares (WA-PLS) were also employed in Pann reconstructions
using the two calibration-sets. The better model performance of
cross-validation for MAT (Fig. S1 online) is caused by strong spatial
autocorrelation [11], hence we argue that the WA-PLS model based
on the ‘‘small set” is actually better but still has reasonable ana-
logue quality (Fig. S2 online). Detailed information about data pro-
cessing, pollen-climate relationship investigations, and model
assessments together with reconstructions are presented in Cao
et al.’s [7,11] papers.

In accordance with Cheng et al.’s [2] results (Fig. 1a), the Pann
reconstruction produced by MAT using the ‘‘large set” presents
an early-Holocene maximum. However, a relatively dry early
Holocene and mid-Holocene optimum were estimated by both
MAT and WA-PLS using the ‘‘small set” and by WA-PLS with the
‘‘large set” (Fig. 1b, d and c, respectively), which is consistent with
previous climate reconstructions for northern China [3,4]. The
greatest difference in reconstructed Pann between the two
approaches is obtained for fossil pollen spectra from 10–7 cal ka
BP (Fig. 1a), where the abundance of Betula and Picea reach a max-
imum and thus strongly impact the reconstructed Pann (Fig. S3
online). The origins of their modern analogues can be used as a
Fig. 1. Holocene annual precipitation (Pann) reconstructions based on original pollen pe
curve based on WA-PLS) and sites within a 1000-km radius around the Gonghai Lake (‘‘s
horizontal dashed lines indicate the modern observed Pann for Gonghai area. (e) Locati
selected for the ‘‘large set” (blue dots) and the ‘‘small set” (red dots) determined by MAT
star) and all available pollen sites (grey dots). (f) Pann summary for the long-distance anal
set” (red); the vertical dashed lines are the means for these two groups’ analogues.
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direct and effective approach to explain the difference revealed
by the two calibration-sets. The modern analogues for these fossil
samples within 10–7 cal ka BP selected from the ‘‘large set” are
located mainly in North-East China (the Changbai Mts.) and on
the eastern Tibetan Plateau where modern Pann
(mean = 615 mm) is higher than for those selected from the ‘‘small
set” (from mountainous areas around Gonghai Lake;
mean = 518 mm) (Fig. 1e, f). The pollen-climate relationship
reveals that Picea and Betula have higher Pann-optima on the east-
ern Tibetan Plateau than in North-East China [10]. In addition,
Picea includes species with different Pann ranges in the three geo-
graphic regions. For instance, in northern China (where Gonghai
Lake is located), Picea wilsonii is common (Pann range 132–
1358 mm, mean = 602 mm); while P. jezoensis is common in the
Changbai Mountains (561–1073 mm; mean = 789 mm); and on
the eastern Tibetan Plateau, P. brachytyla (895–1435 mm;
mean = 895 mm) and P. likiangensis (320–1431 mm;
mean = 699 mm) are typically found [12] (Fig. S4 online). There-
fore, we conclude that the reconstructed early-Holocene Pann max-
imum is caused by these long-distance analogues that represent a
quite different vegetation to those that likely occurred around
Gonghai Lake in the past. For fossil pollen spectra between 6 and
0 cal ka BP, although there are many long-distance analogues from
the ‘‘large set”, the analogues selected overlap in both sets ensur-
ing the similarity between the two reconstructions since 6 cal ka
BP (Fig. S5 online). Our investigation confirms the Pann record
reconstructed by Cheng et al. [2] is likely affected strongly by
the well-known ‘‘multiple analogues” problem due to employment
of a too extensive spatial calibration-set with quite low taxonomic
resolution; and the difference in results reconstructed by Cheng
et al. [2] and Chen et al. [3] is caused by different selections of
calibration-set rather than approaches.
rcentages of all available sites (‘‘large set”; (a) blue curve based on MAT, (c) green
mall set”; (b) red curve based on MAT, (d) black curve based on WA-PLS); the grey
ons of modern analogues for the fossil pollen spectra between 10 and 7 cal ka BP
with the squared-chord distance, together with the location of Gonghai Lake (yellow
ogues selected from the ‘‘large set” (blue) and the nearby analogues from the ‘‘small
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We therefore propose that Pann reconstructions using WA-PLS
based on a spatially restricted ‘‘small set” are more reliable than
reconstructions with a ‘‘large set” when using MAT, because pollen
taxa – in particular woody taxa – contribute strongly to the Gong-
hai Lake Pann reconstruction and show rather stable distribution
ranges during the Holocene (i.e., migrations of most woody taxa
are spatially only limited during the Holocene) [13]. Additionally,
the general temporal pattern of Pann reconstruction based on the
‘‘small set” is consistent with the modern observed Pann in the
Gonghai region, environmental reconstructions by multiple prox-
ies for Gonghai Lake [3,14] and the semi-arid northern China [4],
and the reconstructions based on WA-PLS using both the ‘‘large
set” and ‘‘small set” (Fig. 1c, d) (results comparison with other
methods is particularly necessary for MAT using large training-sets
[5,6]).

We conclude that trends and quantities of pollen-based Pann
reconstructions from northern China using a subcontinental scale
calibration-set within a MAT approach are unreliable, and the
problem exacerbated when the taxonomic resolution is artificially
lowered such as with the PFT approach employed by Cheng et al
[2]. We consider that the high and stable Pann reconstructions
between ca. 10 and 3 cal ka BP as inferred by Cheng et al. [2] results
from using distant analogues from the Changbai Mountains and
these analogues should be utilized repeatedly.

Our finding is in agreement with previous conclusions that pol-
len-based environmental reconstruction is heavily dependent on
the chosen numerical methods, spatial extent, and taxonomic res-
olution of the modern pollen dataset, as well as on the suitability of
the modern pollen assemblages for the fossil assemblages [7,15].
Hence, prior to reconstruction, a series of statistical analyses need
to be performed to select the most suitable target variable, the
most robust method, and the most suitable modern dataset; and
finally, the reconstruction should be assessed.
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