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ABSTRACT 

Using pollen data to reconstruct past climate requires testing to understand the 

strengths and weaknesses of methods, and to develop accurate interpretations.  This thesis 

presents the development of a British Columbia (BC) modern pollen dataset (BCMPD) 

for Holocene paleoclimate reconstruction.  The BCMPD used to test seven climate 

reconstruction techniques including the new Non-Metric Multidimensional Scaling / 

Generalized Additive Model method. 

The BCMPD includes assemblages from lacustrine, bog and terrestrial 

depositional environments. Depositional site characteristics may affect the ability of 

pollen-based climate models to predict climate accurately.  Results show that combining 

samples from multiple depositional environments can increase, decrease or have no effect 

on model error, independent of sample size.  The effects vary among model types and 

across climate variables.  Given the variable effects of depositional environments, 

researchers are recommended to test the effect of mixed depositional environments prior 

to model calibration when using large datasets. 

The accuracy of pollen datasets for climate reconstruction depends on turnover 

rates in source vegetation.  Correlations to weather station records from the lower 

mainland of BC show that aerial pollen, pollen from a lacustrine sediment core and the 

BCMPD all show different pollen-climate relationships.  These differences are likely the 

result of interplay between individual-level physiological responses to climate and 
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changes in regional vegetation as a response to either succession or climatic change.  

Pollen may be a weak predictor of rapid climate change in forests dominated by long-

lived species. 

Climate reconstruction in BC during the past 10,000 years indicates changes in 

temperature and precipitation that compare well to other proxy observations.  These 

changes can be explained by interactions between changes in solar insolation in addition 

to dominant weather systems such as the Aleutian Low and Pacific High.  Vegetation 

reconstructions using pollen-based climate models show that coastal and northern boreal 

vegetation zones declined in area while interior-type vegetation increased in area during 

the last 10,000 years. 
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1: INTRODUCTION 

Vegetation history has important implications for regional biogeography.  The 

makeup of modern vegetation communities at a site is dependent on long time-scale 

processes including regional vegetation responses to climate, patterns of species 

migration and local species interactions (Foster et al. 1990).  Understanding how these 

processes have interacted over time can inform us about the impacts of future climate 

change on species distributions and interactions and their implications for species 

conservation (Davies and Bunting, 2010). The intense study of fossil pollen records in 

eastern North America and in western Europe has driven global understanding of 

Holocene vegetation history.  However, a number of regions in North America have a 

very low density of fossil pollen records, including British Columbia, Canada.  British 

Columbia is a physiographically diverse region, with mountain ranges to the west a large 

central plain, boreal forest in the northeast and interior temperate rainforest in the east 

along the margins of the Rocky Mountains. In addition to physiographic complexity, 

interaction between two major climatic systems, the Pacific High (PH) and Aleutian Low 

(AL) define modern climate in British Columbia.  The PH and AL shift in position and 

strength from summer to winter, changing the source of major circulation from the south 

to the north respectively. 

The physiographic and climatic complexity of the region has resulted in a highly 

diverse system of vegetation communities (Meidinger & Pojar, 1991; British Columbia 

Ministry of Forests, 2006), and evidence from pollen records indicate that the structure of 



 

 2 

these communities has changed significantly since the last glacial period (e.g.  Mathewes, 

1973; Pellatt et al. 1997; Brown and Hebda, 2003; Bennett et al., 2001).  The climatic 

forcings that drove vegetation change have themselves changed since the end of the last 

Glaciation.  Insolation curves show a decline of 8% in summer insolation during the 

Holocene (from Berger and Loutre, 1991), which would indicate that summer 

temperatures in the early Holocene were warmer than modern.  Pollen and other proxy 

data from the Pacific Northwest supports the idea that these forcings have changed over 

time.  These changes are superimposed on shifts in the strength of AL and the PH 

(Anderson et al., 2005), changes in El Nino/Southern Oscillation (Moy et al., 2002) and 

PDO cyclicity and strength, and large scale migration of forest species across the de-

glaciated region. 

While records exist to support large-scale change in the region, no synoptic study 

has yet been undertaken using pollen records from across British Columbia.  In addition, 

the lack of samples within some regions of the province mean that interpretation of 

vegetation and climate history, without some form of interpolation, cannot be undertaken. 

It is possible to reconstruct past climate using pollen as a proxy.  This can be 

undertaken when a network of modern pollen assemblages from across a broad region is 

calibrated using climate data associated with the sample sites (e.g.  Overpeck et al. 1985).  

Model calibration can use one of a number of published techniques, each with associated 

limitations and strengths (see Birks et al., 2010 for a review).  These calibrated models 

are then applied to fossil pollen assemblages obtained from lake or peat sediment for 

which climate variables remain unknown.  All pollen-based climate models contain 

uncertainty, and the sources of uncertainty vary across models, such that prediction of 
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climate variables using multiple models may produce divergent predictions (e.g.  Brewer 

et al., 2008; Dormoy et al., 2009).  There is likely to be more error in pollen-based 

models where climatic and vegetation gradients are complex and nonlinear.  These 

conditions exist within British Columbia and may explain the lack of a clear relationship 

within some multi-proxy climate reconstructions using pollen and other proxy data 

(Heinrichs et al., 2002).  To produce suitable reconstructions on a provincial scale 

requires the tuning of pollen-based reconstruction techniques, and in the second chapter 

of this thesis, we propose a novel method that combines the strengths of the Modern 

Analogue Technique (MAT; Overpeck et al., 1985; Guiot, 1990) with the strength of 

response surface techniques (Huntley et al., 1993).  Using this method, we show that it is 

possible to develop reasonable reconstructions of climate parameters from a modern 

pollen data set for British Columbia.  The modern pollen data set used throughout this 

thesis extends the earlier set of samples in the North American Modern Pollen Database 

(Whitmore et al., 2005) using both published and unpublished records from across the 

province. 

Pollen-based climate reconstruction methods use the implied relationship between 

vegetation and pollen to infer climate from pollen assemblages.  A body of work shows 

the relationship between vegetation and pollen within sediments to be labile, and 

dependent on a number of factors.  Most significantly, basin size can affect the 

proportions of local and regional pollen arriving within a sedimentary basin (Jacobson 

and Bradshaw, 1981).  In regions where vegetation is heterogeneous basin size may be a 

significant source of uncertainty.  The basin substrate or the depositional environment 

may also play a role in altering the apparent pollen-vegetation relationship by causing 
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changes in pollen preservation over time.  In situ studies have shown higher rates of 

pollen grain decomposition in marshes and wetlands than in lacustrine environments 

(Havinga, 1984).  Differences in decomposition rates for pollen taxa may mean that 

adjacent sites with similar vegetation may show differences in the pollen-vegetation 

relationship.  If the pollen-vegetation relationship is affected by depositional environment 

then the pollen-climate relationship captured by the various pollen models could also be 

affected.  In the third chapter of this thesis, we show that the effect of depositional 

environment is a significant problem for pollen-based climate models; however, the 

effect varies across models, and is related to the climate variable of interest.  Given the 

complex relationship between model error and depositional environment, we propose that 

researchers begin any reconstruction process by testing for this effect for each climate 

variable of interest. 

Given a robust set of pollen-based climate models and well-tested predictions of 

model error it is important to investigate the validity of the space-for-time substitution 

that forms the basis of modern training datasets.  In pollen-based climate reconstruction, 

the training set generally comes from a set of sample sites distributed in space to capture 

a range of climatic variation.  In practice, the transfer functions developed from the 

training sets are then applied to a set of pollen assemblages obtained from sediment cores 

distributed in time.  The process of applying this spatially constructed training set to a 

temporally varying data set is known as the space-for-time substitution.  The space-for-

time substitution assumes that the factors that control the relationship between pollen and 

climate are constant in space and in time.  In practice are aware that the distribution of 

pollen types through space is largely driven by the biogeography of their parent plant 
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species, the ability of the pollen grains to be transported to depositional basins and their 

preservation potential.  Temporally, at long time scales it is likely that demography also 

drives the distribution of pollen taxa within a depositional basin.  The migration of pine 

and spruce following the last glacial period is well established from pollen records (e.g.  

MacDonald, 1984; Ritchie and MacDonald, 1986).  At shorter time scales, physiological 

responses of plants to climate are also likely to generate changes in pollen productivity at 

sites (e.g.  Barnekow et al., 2007).  Given that this is the case, it is likely that any one 

pollen assemblage is the result of a combination of short and long-term processes.  If 

physiological processes dominate the pollen signal for a site, then it is likely that the 

space-for-time substitution will fail since the training set, dominated by demographic 

drivers of pollen-vegetation relationships, will not capture the variability of the temporal 

data set.  We would expect that the demography/physiology relationship would be much 

closer for the pollen taxa of short-lived species than for longer-lived species, where 

physiological responses to climate on an annual scale are uncoupled from demographic 

changes in plant populations at centennial or millennial scales.  We test the validity of the 

space for time substitution for the lower mainland of British Columbia in the fourth 

chapter.  Although limitations of the current study exist, our results suggest that it is 

likely that forests composed of very long-lived species are ill suited to highly-resolved 

(annual to decadal scale) climate reconstructions using spatially-based training sets since 

the dominant processes operating in these forests at decadal scale will be physiological 

responses to climate rather than demographic changes.  We support our hypothesis by 

showing that correlations to climate among pollen taxa are more similar for annual 
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species between spatial and temporal data sets than they are for longer-lived species.  We 

also suggest methods for improving the current study in the future. 

To generate predictions of vegetation history at a provincial scale requires 

methods for interpolating vegetation where no paleo-vegetation records exist.  Vegetation 

community type cannot be interpolated to regions for which proxy data does not exists 

since vegetation communities are not ordinal.  Climate data can be interpolated, and since 

there is a relationship between climate and vegetation, it is possible to use predictions of 

climate to predict vegetation.  The fifth chapter presents a series of climate 

reconstructions using pollen-based climate reconstruction techniques for monthly 

temperature and precipitation variables at 500-year time-steps over the last 10,000 years.  

To reconstruct vegetation at the same time-scales I develop both pollen-vegetation and 

climate-vegetation transfer functions so that climate-based predictions of vegetation can 

be cross-validated against pollen-based predictions at sites for which pollen records exist.  

These comparisons show that the climate-based predictions are robust with respect to the 

pollen assemblages obtained from sedimentary archives.  Our results indicate changes in 

the extent of forest cover through the Holocene for British Columbia followed a pattern 

that was largely driven by moisture.  Vegetation communities now associated with drier 

environments dominated during the early Holocene, while those associated with moist 

conditions slowly expanded throughout the Holocene in direct relation to the almost 

monotone increase in regional precipitation during the Holocene. 

The ultimate contribution of this thesis, the production of monthly precipitation 

and temperature rasters for British Columbia at 500-year time-steps during the Holocene, 

will allow researchers to test biogeographic hypotheses in a more explicit way than they 
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have in the past.  Since I generate the rasters using kriging, we can continually update the 

surfaces as new data becomes available. 

This thesis takes a large amount of published and unpublished data and uses state-

of-the-art quantitative techniques to produce high-quality pollen-based reconstructions of 

monthly temperature and precipitation for the Holocene in BC.  Because of the inherent 

limitations of pollen based climate reconstruction, detailed in the literature and presented 

in this thesis for the first time, the amount of analysis required prior to climate 

reconstruction is necessarily extensive.  We show here that, using this extensive analysis 

of the calibration data set, climate reconstruction using pollen is appropriate for the 

region, and that it can produce results that conform to prior hypotheses about Holocene 

climate.  We also present vegetation reconstructions for the Holocene using pollen, both 

directly, and as climate predictions from pollen.  Both methods perform well and show a 

general trend of decreasing boreal and interior type vegetation throughout the Holocene.   
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The contributing authors provided data, editing and comments on the 
ecological significance of the work. 

 

2.1 Abstract 

Aim  We used modern pollen assemblages to develop a method for climate 

reconstruction that reduces the spatial autocorrelation of residuals and accounts for the 

strong topographic and climatic variation that occurs in British Columbia, Canada. 

Location  British Columbia, Canada, including sites both on the mainland and on 

adjacent islands (Queen Charlotte Islands and Vancouver Island). 

Methods  New pollen assemblages from surface-sediment samples collected in 

British Columbia were combined with other published and unpublished samples 

(n = 284). Multivariate rank-distances between sample sites and a randomized set of sites 

within the province were calculated for climate variables to determine whether gaps in 

the current network of present-day pollen sample sites exist. Lacustrine surface-sediment 
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pollen assemblages (n = 145) were ordinated using non-metric multidimensional scaling 

(NMDS), and a generalized additive model (GAM) was used to reconstruct modern mean 

warmest month temperature (MWMT) and mean annual precipitation (MAP) from the 

NMDS ordination. The results were compared with standard climate reconstruction 

techniques, including the modern analogue technique, partial least squares, weighted 

averaging, weighted averaging–partial least squares and factor analysis. 

Results  Reconstructions of MWMT and MAP using NMDS and GAM were 

comparable to those of existing models. When reconstructing MWMT, the NMDS/GAM 

method had a lower root-mean-squared error of prediction (RMSEP), lower spatial 

autocorrelation and higher correlation with observed temperature values than the other 

methods tested. When reconstructing MAP, the partial least squares method performed 

better than the NMDS/GAM method for RMSEP and correlation with observed values; 

however, the NMDS/GAM method had a lower spatial autocorrelation of residuals. 

Main conclusions  NMDS reveals strong relationships among modern pollen 

assemblages, vegetation and climate variables. Climate models using NMDS and GAM 

are comparable to other palaeoecological reconstruction models, but provide lower 

spatial autocorrelation of residuals for both variables tested. An inverse distance-

weighted surface of multivariate rank-climate distances generated from the network of 

pollen sample sites indicates that greater sampling intensity in north-western and central-

interior British Columbia is required in order to obtain an accurate representation of 

climatic and vegetation diversity in the province. 
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2.2 Introduction 

A variety of techniques are used to reconstruct paleooclimate from fossil pollen 

assemblages. Often, the pollen and climate data violate the statistical assumptions for 

these techniques owing to the lack of independence between samples as a result of spatial 

autocorrelation (Telford & Birks, 2005) or to the non-linearity of many pollen–climate 

relationships (Kay & McAndrews, 1983). In regions where multiple climatic and 

ecological gradients are operating, these data may show artefacts of the methodologies 

themselves (cf. Karadzic, 1999). 

The underlying premise of climate reconstruction using pollen assemblages is that 

modern pollen assemblages are representative of the climate from which they are 

obtained (Overpeck et al., 1985). Models such as the Prentice–Sugita model (Sugita, 

1994), and variations thereof (Calcote, 1998; Sugita et al., 1999; Nielsen & Sugita, 

2005), can be used to reconstruct vegetation surrounding the sample site, and climatic 

variables can be determined independently provided that there is a strong correlation 

between climate variables and pollen taxa at a given site. The modern analogue technique 

(MAT) avoids examining the relationship between individual pollen taxa and climate 

variables by using a suite of pollen taxa, often selected a priori from exclusively arboreal 

pollen taxa (cf. Webb et al., 1981; Liu & Lam, 1985; Pellatt et al., 1997, 2002; Allen et 

al., 1999), or from major regional taxa (Minckley & Whitlock, 2000). Thus, climate is 

reconstructed nonlinearly as the average of climate variables from a subset of the nearest 

neighbours, evaluated either a priori as the best analogue (Whitmore et al., 2005; Viau et 

al., 2006), or as a number of close analogues (Eastwood et al., 2007), or quantitatively 
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using a selection technique such as receiver operating characteristic curves (Gavin et al., 

2003; Wahl, 2004). 

Although MAT and other non-linear reconstruction models avoid some of the 

statistical assumptions described earlier, Telford & Birks (2005) showed that these 

techniques are prone to effects arising from spatial autocorrelation because both MAT 

and transfer functions internalize spatial effects resulting from species distributions that 

are structured by intrinsic factors, such as dispersal, rather than by extrinsic factors, such 

as climate. To improve these models, and to reduce the impact of statistical artefacts 

related to spatial autocorrelation, a method for reconstruction must be devised that 

accounts for the structure of the entire dataset. 

Non-metric multidimensional scaling (NMDS) was used in early palaeoecological 

studies to examine changes in pollen assemblages within lake sediment cores (Gordon & 

Birks, 1974) but, to our knowledge, has yet to be used for pollen– climate 

reconstructions. NMDS is a data reduction technique that places multivariate data along 

latent axes in Euclidean space in such a way as to preserve the underlying rank-

dissimilarity structure between points (McCune & Grace, 2002). In this way, highly 

multivariate data can be represented in a lower dimensionality while preserving the data 

structure, effectively combining the shared variance of (implicit) causal factors along the 

latent axes, rather than defining the structural attributes a priori as is the case in 

constrained ordination models such as canonical correlation analysis (McCune & Grace, 

2002; Anderson & Willis, 2003). The algorithms for NMDS fit points into the reduced 

multi-dimensional space using the entire dissimilarity matrix; thus, climate reconstruction 

functions fitted to this ordination are able to account for some of the spatial 
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autocorrelation that more traditional MAT techniques internalize by using only close 

neighbours. Although it is clear that NMDS is largely considered a descriptive method of 

analysis, Beals (2006) has successfully applied the NMDS ordination procedure to 

produce a predictive model. 

Techniques based on NMDS have an advantage over MAT techniques, as 

ordination uses information from the entire dataset rather than from local subsets (as with 

best analogue reconstructions) and provides directional relationships between pollen 

assemblages. This whole-data model ensures that graphical displays of NMDS 

ordinations are direct representations of the dissimilarity structure of the data. Standard 

tools for displaying the results of MAT, including shaded dissimilarity matrices (Wahl, 

2004) and maps of modern analogues (Anderson et al., 1989), either are difficult to 

interpret visually or contain limited information. 

Composition data from surface-sediment pollen assemblages from British 

Columbia (the British Columbia Modern Pollen Dataset, BCMPD; see Appendix 1 for 

full site locations, substrate and references) have been obtained from soil and moss (e.g. 

MacDonald, 1984; Allen et al., 1999; Heinrichs, 1999), peat (e.g. Pellatt et al., 1997, 

2002; Heinrichs, 1999) and lake sediments (e.g. Arsenault et al., 2007; Lacourse et al., 

2007; M. G. Pellatt and I. R. Walker, unpublished data). Recognizing the potential 

differences in pollen representation of regional vegetation between terrestrial and 

lacustrine samples as a result of effective basin size (Calcote, 1995) or pollen 

preservation (Wilmshurst & McGlone, 2005a, b), we selected only lacustrine samples for 

this analysis. 
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British Columbia has a diverse climate with sharp elevation gradients and strong 

regional precipitation gradients related to orographic effects. Vegetation in the province 

is divided into biogeoclimatic (BEC) zones based on dominant vegetation, and on the 

climate and edaphic factors that structure vegetation (Krajina, 1965; Meidinger & Pojar, 

1991; British Columbia Ministry of Forests, 2006). There are 14 zones in the current 

BEC system, further subdivided into subzones based on moisture and temperature. The 

relationship between modern pollen assemblages and vegetation has been examined at a 

regional level for portions of the interior (Cawker, 1978; Hazell, 1979; Hebda & Allen, 

1993) and in coastal regions (Warner, 1984; Pellatt et al., 1997; Allen et al., 1999). 

Previous studies have demonstrated that modern pollen assemblages in British Columbia 

display regional trends along elevation, moisture and longitudinal gradients that can be 

correlated with BEC zones (Hebda & Allen, 1993; Pellatt et al., 1997; Allen et al., 1999); 

however, the present study is the first to examine modern pollen assemblages at a 

provincial scale and from all 14 BEC zones. 

We test the representivity of the BCMPD using provincial climate characteristics 

to identify regions within British Columbia most in need of greater modern pollen 

sampling effort. We also select pollen taxa for climate reconstruction based on a 

combination of pollen–climate correlations and the spatial autocorrelation of the pollen 

taxon abundances. This ensures that pollen types represent spatial distributions governed 

by extrinsic climatic factors rather than by local edaphic or stochastic pollen dispersal 

factors. The resulting NMDS ordination is used to construct a generalized additive model 

(GAM; Wood, 2006) to predict mean annual precipitation and mean warmest month 

temperature. This new technique is compared with existing techniques, as implemented 
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in C2 (Juggins, 2003), and tested for model error and the spatial autocorrelation of 

residuals. It is our contention that this NMDS/GAM method provides a good framework 

that avoids a priori assumptions about pollen representation and eliminates many of the 

implicit violations of statistical assumptions found in other reconstruction techniques. 

 

2.3 Materials and Methods 

2.3.1 Pollen data 

Modern pollen data for 191 sites in British Columbia were obtained from theses, 

peer-reviewed articles and unpublished studies. In addition to these samples, modern 

pollen data for 93 sites were obtained directly from the Modern Pollen Database for 

North America and Greenland (Whitmore et al., 2005). All sites were verified with 

published data or count sheets, where possible, and corrected when necessary. Where raw 

counts were not available, percentage composition was reverse-engineered from 

published figures (n = 125). The total dataset (n = 296) includes samples from across the 

province, although some regions have a greater sampling density than others (Figure 2.1; 

all sites are referenced in Appendix 1). 
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Figure 2.1.  The distribution of the modern pollen surface samples in the British Columbia Modern 
Pollen Database.  The base map with biogeoclimatic zones was obtained from British 
Columbia Ministry of Forests (2006), representing the major vegetation assemblages 
within the province of British Columbia. Acronyms for biogeoclimatic zones are as 
follows: AT, alpine tundra; BG, bunchgrass; BWBS, boreal white and black spruce; 
CDF, coastal Douglas fir; CWH, coastal western hemlock; ESSF, Engelmann spruce–
subalpine fir; ICH, interior cedar hemlock; IDF, interior Douglas fir; MH, mountain 
hemlock; MS, montane spruce; PP, ponderosa pine; SBPS, sub-boreal pine and spruce; 
SBS, sub-boreal spruce; SWB, spruce–willow–birch. 

Although soil, peat, moss polster and lacustrine surface-sediment samples were 

combined in the database, we selected only lacustrine BCMPD samples (BCMPDL) for 
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subsequent analysis (n = 145). There is good evidence that sample substrate (Havinga, 

1984; Wilmshurst & McGlone, 2005a,b) and basin size (Sugita, 1994; Calcote, 1998) 

play a strong role in determining how well pollen represents regional vegetation. Some 

models combine both soil and lacustrine surface-sediment samples (Brown et al., 2006), 

although Whitmore et al. (2005) indicated that caution is needed when pooling samples. 

Further analysis is needed to test whether the pooling of substrates is appropriate in this 

case. 

The taxonomy used in Whitmore et al. (2005) is also used here. This decision was 

a trade-off between the potential utility of some indicator species and the overall 

consistency in pollen identification among different researchers. Because we are 

examining data pertaining to an area of approximately 947,800 square kilometres, this 

approach was suitable for this study. For pollen taxa such as Pinus and Alnus, 

morphological attributes used to differentiate between species or sub-generic groups (e.g. 

haploxylon and diploxylon Pinus types) have not been consistently applied in the British 

Columbian literature. Taxonomy for analysis was standardized for these taxa to a 

common resolution (at the genus level for Pinus and Alnus and at the family level for 

Ericaceae, Cupressaceae and Poaceae among others). Differentiated counts are retained in 

the database. 

2.3.2 Spatial analysis 

Moran’s I (Im) values for each square-root-transformed pollen taxon were 

determined using the moran.test function in the spdep package for R (Bivand, 2008) to 

detect spatial autocorrelation of pollen taxa. Moran’s I has been used previously in 
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paleooecological research to determine changes in the spatial autocorrelation of pollen 

taxa over time (Graumlich & Davis, 1993). 

Climate normals for the period 1961–1990 were obtained for each site using 

climate ver. 3.21 (Hamann & Wang, 2005; Wang et al., 2006), which provides climate 

data based on site location and elevation at a 2.5 x 2.5 arcminute scale. 

Elevation values for each modern pollen sample site were obtained either from the 

original publications, or, when these values were unavailable, from digital elevation maps 

of the province (Canadian Forestry Service, 2006) based on reported site location. The 

climate variables of interest in this paper are mean annual temperature (Tann), mean 

warmest month temperature (MWMT), mean coldest month temperature (MCMT), 

continentality (TD, the difference between MWMT and MCMT), mean annual 

precipitation (MAP), and mean summer precipitation (MSP). Only MWMT and MAP 

will be used to test the method because these are the variables used in a previous pollen-

based climate model for southern British Columbia published by Mathewes & Heusser 

(1981). 

2.3.3 Gap analysis 

Climate variables were also generated using ClimateBC ver. 3.21 for a large 

number of sites (n = 31,807) distributed randomly across the province, the Densely 

Sampled Random Network (DSRN). Elevations for the DSRN were obtained from a 

digital elevation model for the province (Canadian Forestry Service, 2006) based on site 

location. 
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Multivariate rank distances between DSRN and BCMPDL samples were 

calculated for the six climate variables used in this study (Tann, MWMT, MCMT, TD, 

MAP and MSP). An inverse distance-weighted surface was constructed in ArcMap 

(ESRI, 2005) using the minimum multivariate rank climate distances to BCMPDL sites 

for each point in the DSRN based on values for the six climate variables of interest. This 

produced a map of British Columbia that identified how well a region’s climate was 

represented in the dataset using rank-climate distance from sampled sites. Because rank-

distance values returned by this method are dependent on the total size of the dataset, we 

tested the DSRN to BCMPDL minimum rank distances against a randomized dataset 

generated from the combined DSRN and BCMPDL databases to give an estimate of 

expected average minimum distances for a dataset of this size. 

2.3.4 Climate reconstruction 

Climate models for MWMT and MAP were chosen because these were the 

variables reconstructed by Mathewes & Heusser (1981), who provided a published model 

with which the current methodology can be compared. The Mathewes & Heusser (1981) 

model for Marion Lake (the MLMH model) uses Imbrie and Kipp factor analysis. 

Although the MLMH model uses more pollen assemblages (n = 180), these were 

combined into only 59 composite sites and represent a more limited spatial coverage than 

that of the current study (Mathewes & Heusser, 1981). 

The climate model uses the site locations within the NMDS ordination (described 

earlier) to predict climate variables using a generalized additive model (GAM), calculated 

with the function gam in the mgcv package for r (Wood, 2006). Model terms were 

selected using generalized cross-validation scores for the NMDS/GAM method. To avoid 
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model over-fitting, the gamma parameter was set to 1.4, as suggested in Kim & Gu 

(2004) and spatially weighted to account for the uneven distribution of sample sites 

across the province using globally standardized spatial weights. Climate variables for 

MWMT and MAP from the modern BCMPDL dataset were fitted and compared with the 

fits from other techniques, including MAT (closest 10 neighbours), weighted averaging 

(WA), partial least squares (PLS), weighted averaging–partial least squares (WAPLS) 

and factor analysis (FA), all implemented with the software package C2 (Juggins, 2003). 

The quality of the models was assessed by examining root-mean-squared error of 

prediction (RMSEP) values calculated using leave-one-out cross-validation. As RMSEP 

may be biased in leave-one-out cross-validation (ter Braak, 1995), a simulation was 

performed with MAT, PLS and NMDS/GAM methods to determine the stability of the 

RMSEP results as subsets up to 20% of the total dataset were removed before model 

fitting. This test could be coded directly using r for the NMDS/GAM method, using the 

analogue package in r for MAT (Simpson, 2007) and using the pls package in r for PLS 

(Wehrens & Mevik, 2007). The process of randomizing sample subsets and testing the 

REMSEP value using C2 was not considered for reconstruction methods that could not 

be implemented in R. 

Only the standard error is reported for the MLMH model (Mathewes & Heusser, 

1981). In addition to RMSEP, the spatial autocorrelation of the residuals was considered 

because Telford & Birks (2005) suggested that the spatial autocorrelation of residuals 

may indicate a violation of the assumption that individual data points within the model 

are independent. 
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2.4 Results 

2.4.1 Spatial distributions 

Pollen taxa from the dominant canopy species such as Pinus, Tsuga heterophylla 

(Raf.) Sarg. and Betula have relatively high Moran’s I (Im) values (Table 2.1). Acer, for 

which pollen spread is spatially restricted to the south, has a low Im value (Im = 0.057, p = 

0.079), probably as a result of its presence in the far north of the province at the ‘Blue 

Lakes 1’ site. This count may be spurious, as no Acer species have reported distributions 

in this region of the province (Hamann et al., 2005).
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Table 2.1. Pollen taxa for the British Columbia (lacustrine) pollen dataset with spatial autocorrelation (Moran’s I) and correlations to climate variables. 
Shown here are pollen taxa either above the climate correlation threshold |r| > 0.400 or above the spatial autocorrelation threshold of |Im| 
> 0.350. Taxa in bold have at least two climate variables |r| > 0.400 and have |Im| > 0.350. Pollen–climate correlations |r| > 0.400 are shown 
in bold for emphasis. 

Pollen Taxon Moran's 
I 

Mean Annual 
Temperature 

Mean Warmest 
Month 
Temperature 

Mean Cold 
Month 
Temperature 

Temperature 
Difference 
(Continentality) 

Mean Annual 
Precipitation 

Mean Summer 
Precipitation 

Abies 0.387 0.26 0.3 0.14 -0.04 -0.08 -0.13 
Betula 0.455 -0.3 0.29 -0.538 0.67 -0.59 -0.43 

Cupressaceae 0.361 0.591 0.338 0.576 -0.5 0.272 0.16 
Ericaceae 0.28 0.16 -0.2 0.33 -0.420 0.53 0.45 

Pseudotsuga/Larix 0.392 0.448 0.46 0.346 -0.21 -0.06 -0.25 

Picea 0.402 -0.439 -0.49 -0.295 0.15 0.08 0.13 
Pinus 0.698 -0.499 -0.052 -0.625 0.65 -0.64 -0.47 

Pteridium 0.267 0.440 0.254 0.431 -0.372 0.12 0 
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The interior/coastal distribution of species within the province is mirrored by the 

Im values (Table 2.1). Species that are common in one region but not in the other have 

higher Im values. However, Cupressaceae pollen, a large component of coastal 

assemblages, has a lower Im value than expected (Im = 0.361, p < 0.001), a result of 

variability in Cupressaceae pollen abundance among coastal sites (principally from Thuja 

and Chamaecyparis species) and the inclusion of Juniperus pollen (primarily an interior 

pollen taxa) in the Cupressaceae pollen taxon. Thus, interior sites with Juniperus pollen 

influxes have high Cupressaceae counts although the ecological niches of Juniperus and 

Thuja/Chamaecyparis species differ strongly, with some overlap in the coastal regions 

(Hamann et al., 2005). Thuja plicata and Tsuga heterophylla are also common in interior 

wet zones such as the Interior Cedar Hemlock (ICH) zone (Ketcheson et al., 1991). 

2.4.2 Gap analysis 

Mean multivariate rank-climate distance for the randomized DSRN/BCMPDL 

dataset (xr) was significantly lower than that for the actual (xa) dataset (xr = 4839, xa = 

5791; p < 0.01). We expect this result because we know that the provincial distribution of 

sample sites is biased towards coastal, low-elevation sites, causing under-sampled regions 

to have higher than expected multivariate rank-climate distances. 

The map of minimum multivariate climate distances between points in the DSRN 

and points in the BCMPDL (Figure 2.2) indicates regions of British Columbia with 

unique climates that require further study. These regions include the northern Rocky and 

Coast Mountains and the Chilcotin Plateau in the central interior. In addition to these 

regions, mountainous portions of the Okanagan and west Kootenays appear to be under-

represented. 
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The north-eastern boreal forest and southern Rocky Mountain regions of the 

province are generally well represented from a climate standpoint. Based on our model, 

the British Columbia Coast is also well represented, even accounting for strong climatic 

change along elevation gradients. 

2.4.3 Pollen taxon selection 

At the scale of our study, pollen taxa have higher correlations with temperature 

variables than with precipitation variables (Table 2.1). Tann, MCMT and TD are more 

strongly correlated with pollen taxa than is MWMT, indicating the possible influence of 

winter temperatures in structuring vegetation communities. The correlations of Pinus 

with climate variables are relatively strong, probably as a result of the division of the 

province into two broad regions, coastal and interior, with climates that differ 

significantly. Pollen taxa having high correlations with climate variables (e.g. Pinus, T. 

heterophylla) tend to define the divide between moist, maritime coastal and dry, seasonal 

interior climates. Betula, common in northern interior forests, is strongly correlated with 

TD, MCMT and MAP because it is rarely found on the coast where TD is low and MAP 

and MCMT are high. These correlations, driven by coarse measures of TD, MCMT and 

MAP, may not be suitable for climate reconstructions at smaller scales and so should be 

recalculated if a regional subset of points is to be considered. 

For pollen taxon selection, the minimum pollen taxon spatial autocorrelation was 

set at Im > 0.35. In addition, pollen taxa were required to have at least two climate 

correlations above |r| = 0.40. These values provided the smallest dataset that returned an 

NMDS ordination free of zero-dissimilarity artefacts. The optimal pollen set for 

ordination was Betula, Cupressaceae, Pseudotsuga/Larix, Picea, Pinus, Salix and T. 
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heterophylla (pollen diagrams using selected taxa for the complete BCMPD dataset are 

included as Appendix 2). 

 

Figure 2.2.Provincial map overlaid with the inverse distance-weighted surface representing minimum 
multivariate rank-climate distance between lacustrine sample sites in the British 
Columbia Modern Pollen Database and the Densely Sampled Random Network. Points 
represent only lacustrine sample sites in the BCMPDL. 
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2.4.4 Pollen assemblage analysis 

No BCMPDL sites were eliminated from analysis because the proportion of 

selected taxa was < 10% of the total pollen count. For the NMDS ordination, the 

optimum number of dimensions was determined to be three (Kruskal stress = 5.60%). 

Correlations between the ordination distance matrix and the pollen assemblage squared-

chord dissimilarities were high for both the full pollen dataset and the partial pollen 

subset determined by the selection procedures above (Mantel test: full set rM = 0.915, p < 

0.001; partial rM = 0.990, p < 0.001).  

To assist with interpretation, the NMDS points were transformed using an 

isometric rotation in three dimensions to obtain the highest correlation with climate 

variables along the first axis. NMDS differs from other ordination techniques in that the 

axes do not represent a hierarchy of variance, and thus the rotation is not explicitly stated 

here as it varies based on the arbitrary initial point rotation returned by the metaMDS 

function. The provincial ordination (Figure 2.3a) shows a separation of interior and 

coastal sites. Betula and Pinus pollen taxa are associated with interior sites 

(biogeoclimatic zones IDF, BG, PP, MS, SBPS and BWBS), whereas T. heterophylla, 

Cupressaceae and Pseudotsuga/Larix are associated with coastal sites (zones CDF, CWH 

and MH). Picea and Salix are present at both interior and coastal sites but are more 

common at interior sites, reflected by an Axis 1 position between the interior and coastal 

clusters (Figure 2.3a). Axis 2 appears to represent a moisture gradient, with cool moist 

sites associated with T. heterophylla (MH in coastal regions), Salix and Picea at negative 

y-values (AT and SWB in the interior). Drier sites (CDF, BG and IDF) with 

Pseudotsuga/Larix are associated with positive y-values. The position of sites along these 



 

 28

axes corresponds to site location, and, by extension, to the common climatic attributes 

that define these sites (Figure 2.3b–d). 

 

Figure 2.3. Pollen assemblages for coastal (●) and interior (■) sites ordinated using non-metric 
multidimensional scaling (NMDS).  (a) Pollen taxon names (bold, italics) are placed 
using weighted averaging of NMDS site scores for each pollen taxon. Biogeoclimatic 
(BEC) zones (bold only) are placed using the mean NMDS site scores for each pollen 
assemblage within a BEC zone. BEC zone acronyms are the same as those used in Fig. 
1. Maps of British Columbia are overlaid with the inverse distance-weighted values for 
each of the (b) first, (c) second and (d) third NMDS axes. 

Clustering (using k-means with two centres), applied to point positions within the 

provincial ordination, misidentifies ‘East Sooke Fen’, a site in the CWH zone (Figure 

2.3), as an interior-type site, probably as a result of a high Pinus abundance (> 10% when 



 

 29

proportions are recalculated for the subset identified above). Similarly, six interior sites 

are misidentified as coastal sites; however, these comprise four ICH sites that are 

dominated by temperate species such as T. heterophylla and Thuja plicata, and two SWB 

sites that are located close to the coast. 

2.4.5 Climatic reconstruction 

To reconstruct temperatures for a site, the pollen data for the new site are added to 

the training set and the NMDS ordination procedure is run with a dataset that includes the 

new data. The NMDS algorithm is fairly stable with respect to the inclusion of additional 

data. A Mantel test comparing two NMDS outputs, one with BCMPDL sites only and a 

second with BCMPDL sites and pollen assemblage data from the original Marion Lake 

core (n = 116; Mathewes, 1973), shows strong correlation in the BCMPDL point location 

(r = 0.996, p < 0.001) between the BCMPDL-only ordination and the combined 

BCMPDL/Marion Lake ordination. For these combined datasets the GAM is constructed 

as above, and the position of the unknown point in the NMDS ordination is used to 

predict the climatic attributes for the new samples. The results from our analysis and 

simulations of RMSEP values using repeated subsampling of the data suggest that this 

method for reconstructing climate variables is robust. 
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Table 2.2. A comparison of mean warmest month temperature (MWMT) and mean annual precipitation (MAP) reconstruction models using lacustrine 
sample sites in the British Columbia Modern Pollen Database (BCMPDL; mean July temperature reported for Mathewes & Heusser, 
1981).  Multivariate similarity between predicted and observed rank transformed values for MWMT and MAP are tested using a Mantel 
test. 

 Mean Warmest Month Temperature Mean Annual Precipitation MWMT & MAP 
combined 

Model 

Root mean squared 
error of prediction 

(oC)1 
Correlation to 

observed values 
Moran's I for 

residuals 

Root mean squared 
error of prediction 

(log mm)1 
Correlation to 

observed values 
Moran's I for 

residuals 

Mantel test 
correlation (rank 

transformed) 

Mathewes & Heusser 
(1981) 2.35 - - 0.0752 - - - 

Current Study        

NMDS/GAM3 Model 1.55 0.67 0.129 ± 
0.048 0.18 0.84 0.184 ± 

0.048 0.600 ± 0.031 

Weighted averaging4 1.683 0.63 0.161 ± 
0.048 0.18 0.82 0.258 ± 

0.048 0.490 ± 0.030 

Partial least squares5 1.630 0.67 0.156 ± 
0.048 0.17 0.85 0.189 ± 

0.048 0.562 ± 0.031 

Imbrie & Kipp factor 
analysis regression 1.65 0.66 0.163 ± 

0.048 0.18 0.82 0.171 ± 
0.048 0.317 ± 0.045 

Modern analogue 
method (nearest 10) 1.63 0.63 0.183 ± 

0.048 0.18 0.83 0.207 ± 
0.048 0.290 ± 0.045 

Weighted averaging–
partial least squares6 1.627 0.66 0.146 ± 

0.048 0.17 0.86 0.203 ± 
0.048 0.548 ± 0.030 

1 For all samples root mean squared error of prediction (RMSEP) is calculated using leave-one-out cross validation. 
2 Estimated from published standard error of 661 mm for a local modern annual precipitation of 3200 mm. 
3 Non-metric multidimensional scaling with a generalized additive model. 
4 Inverse deshrinking without tolerance downweighting provides the lowest RMSEP. 
5 The second partial least squares (PLS) component was selected for MWMT, the third PLS component was selected for MAP. 
6 The second weighted averaging–partial least squares (WA)–PLS component provides the lowest RMSEP for both MWMT and MAP. 
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Two outliers were sites were considered to be outliers during preliminary 

analysis. ‘Pecker’ and ‘Waldo, BC’ (Appendix 1) were eliminated from the analysis 

because all models returned large residuals for these sites. 

 

2.4.5.1 Mean warmest month temperature 

The relationship between MWMT and the pollen-based NMDS ordination was 

initially examined using both linear least-squares regression models and GAMs. The best 

predictor of MWMT, based on an analysis of residuals and the generalized cross-

validation score, was determined to be a GAM with two-dimensional thin-plate spline fits 

for both the first and second, and second and third dimensions of the NMDS ordination. 

The model explained 59.9% of the variation in the dataset, with little spatial 

autocorrelation in the residuals for the model (Table 2.2, Im = 0.114 ± 0.048, p < 0.01). 

The leave-one-out cross-validation RMSEP value for the NMDS/GAM method is 

1.550°C (Table 2.2). The RMSEP value calculated for the NMDS/GAM method 

increases by < 2% when subsets of 28 sites are used for model estimation. The same 

sampling finds an increase of 13% in the RMSEP of the MAT model, and, surprisingly, a 

decrease of 1% in the RMSEP for the PLS model. This indicates that model performance 

is more similar between PLS and the NMDS/GAM method than the RMSEP from leave-

one-out cross-validation may indicate. 

Our model has the lowest leave-one-out cross-validation RMSEP 

(RMSEPNMDS/GAM = 1.550°C) and the highest correlation (rNMDS/GAM = 0.674) between 

observed and fitted values for MWMT (Table 2.2) when compared with the other 
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methods tested. Although the correlations between observed and fitted values for the 

NMDS/GAM method and the PLS model are similar, the lower RMSEP and Im values for 

the NMDS/GAM method indicate that the NMDS/GAM method may be more suitable 

for reconstruction in British Columbia. The WA model performs poorly for all tested 

variables, and both FA and MAT show higher Im than the NMDS/GAM method, although 

these differences are not significant. WA and MAT have the lowest correlations between 

observed and predicted MWMT; however, MAT performs better than FA with regard to 

RMSEP. 

The weakest pollen–climate correlations among all climate variables were found 

for MWMT. This means that climate models for MWMT may have lower predictive 

ability than other climate models developed using this method. Even though optimum 

pollen–climate correlations were low for MWMT our model still produces lower error 

and has good correlation with observed values in the modern dataset, leading us to 

believe that it is an improvement over the MLMH model and other standard models used 

for palaeoclimatic reconstruction of this variable. 

2.4.5.2 Mean annual precipitation (MAP) 

The construction of the model and diagnostics followed the methods described 

above, although MAP was transformed using a log10-transformation. The final model 

used two-dimensional thin-plate splines for each of the first and second, the second and 

third, and the first and third axes. This was validated using GCV and by examining model 

residuals. The final MAP model explained 70.1% of the variance in the data, with low 

spatial autocorrelation in the residuals for the model (Im = 0.184, p < 0.01). 
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Although this model has the lowest spatial autocorrelation of residuals (Im = 

0.184), it does not have the lowest RMSEP or the highest correlation between observed 

and predicted values for log-MAP (Table 2.2). The WA-PLS model has the lowest 

RMSEP of all the models, although RMSEP values for all predictive models were very 

close to one another. The correlations of predicted and observed MAP values were also 

similar for the five models tested, with the WA-PLS, PLS and NMDS/GAM methods 

having higher correlations than the others. 

2.4.5.3 Combined climate variables 

We believe that the most compelling piece of evidence in support of the 

NMDS/GAM method comes when the MWMT and MAP predictions are combined. 

Reconstruction results for all models, with the exception of WA, are generally 

comparable when each climate variable is examined individually, making model selection 

difficult. When the dissimilarity structure of the combined observed MWMT and MAP 

data was compared with reconstructed data, we found that the NMDS/GAM method 

captures the data structure better than any other model tested in this study (Table 2.2). 

Predicted and observed values were rank-transformed because MWMT values are 

somewhat larger than log-transformed MAP values. The correlation between the 

observed and predicted values for multivariate climate is higher for the NMDS/GAM 

method than it is for any other method at the 90% confidence limit. 

The strong correlation between observed and modelled climate variables by the 

NMDS/GAM method indicates that sites occupy the same relative multivariate climate 

space when each individual climate variable is predicted. Although other models may 

predict each individual climate variable with an RMSEP comparable to or better than that 
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obtained with the NMDS/GAM method, the combined climate variables fail to occupy 

the same climate space as the original sites. This further supports the utility of the 

NMDS/GAM method for palaeoecological and palaeoclimatic reconstructions. 

 

2.5 Discussion 

Direct relationships between climate variables and individual pollen taxa are weak 

at a provincial scale; however, the selection of pollen taxa prior to analysis using both 

climate correlations and spatial autocorrelations provides ordinations that distinguish well 

between related biogeoclimatic zones and that have high correlations with temperature 

and precipitation. 

Using multi-dimensional scaling as an extension of the more traditional MAT 

techniques we have shown that pollen assemblages can distinguish vegetation variables 

even when topography, vegetation patterns and climate regimes are particularly complex. 

In addition, NMDS provides a visual representation of the entire dataset, giving 

relationships between the sample sites that can be easily interpreted. 

The method that we describe for selecting pollen taxa for ordination models 

allows a degree of control (by modifying the correlation or spatial-autocorrelation 

thresholds), ensuring that ordinations avoid artefacts from the NMDS procedure itself. 

This selection method is also appropriate at scales smaller than those used in this study, 

for which pollen rain is expected to be less variable. The selection method can also be 

modified to test either all or only a subset of the climate variables of interest, effectively 

acting as an indicator species method. For instance, pollen–climate correlations could 
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focus only on precipitation or summer temperature variables rather than on the set of 

climate variables used in this study. 

Finally, the application of a generalized additive model to the ordinated data 

captures structure in the BCMPD pollen subset that explains much of the variance in the 

climate variables examined in this study. The climate reconstructions using this method 

are comparable to those obtained using other common palaeoecological reconstruction 

methods but show improved results when the spatial autocorrelation of residuals is 

examined and when multivariate climate variables are examined. 

Spatial autocorrelation of the model residuals is an important consideration for 

palaeoecological reconstructions because high spatial autocorrelation may indicate that 

the model is over-fitting samples from particular regions of the sample set. It may also be 

of particular concern when the distribution of sample sites through the spatial extent of 

interest is uneven. Thus, the prediction error of the model is likely to increase as 

dissimilarity between the over-fitted samples and the sample to be predicted increases, a 

concern when non-analogue pollen assemblages are encountered. Low spatial 

autocorrelation in the model residuals would indicate that model error is distributed 

evenly across all sample sites. Because the NMDS/GAM method has lower spatial 

autocorrelation than other methods, we suggest that it may be an important tool for future 

palaeoecological reconstructions. 

The NMDS/GAM method can be improved. The arbitrary provincial boundary set 

for our modern pollen dataset may introduce artefacts, in that we have weaker predictive 

power for coastal sites with higher summer temperatures, and in palaeoreconstructions, 

for no-analogue assemblages that may occur in the pollen record. Expanding the 
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geographic range of the modern pollen dataset will improve the predictive ability of the 

model. It has also been shown that landscape disturbance can play a role in biasing 

palaeoclimatic reconstructions (St. Jacques et al., 2008), meaning that our model may 

show artefacts resulting from the anthropogenic disturbance of forest communities. Our 

ability to detect this bias is limited because early and dependable climate records from 

which a pre-modern pollen–climate dataset could be produced for the province are sparse. 

The BCMPD provides an excellent tool for researchers in the Cordilleran region 

of north-western North America by completing a network of samples begun by Hansen 

(1950); however, large multivariate datasets can be overwhelming for a researcher. The 

goal of reconstructing paleooclimate variables from pollen taxa that are morphologically 

similar, rare, or alternatively far too prevalent, spatially dispersed and, in some cases, 

reported inaccurately, can be intimidating. With the BCMPD we have compiled a large 

number of records for British Columbia and checked their accuracy against the original 

raw data where possible. We have examined the climate variables of the current network 

of sites and identified regions where future sampling should be focused. We have shown 

that ordinations based on sets of pollen taxa selected using a standardized technique can 

be highly correlated with climate variables and are effective at predicting climate 

variables. Finally, we have shown that lacustrine pollen assemblages, when properly 

selected, can indicate parent vegetation type and climate conditions in regions with 

complex vegetation and climate gradients. 
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3: ARE POLLEN-BASED CLIMATE MODELS IMPROVED 
BY COMBINING SURFACE SAMPLES FROM SOIL AND 
LACUSTRINE SUBSTRATES? 

Published in the Review of Paleobotany and Palynology:  Goring S, 
Lacourse T, Pellatt MG, Walker IR, Mathewes RW. 2010. Are pollen-
based climate models improved by combining surface samples from soil 
and lacustrine substrates? Review of Paleobotany and Palynology 162: 
203-212. 

I performed all data analysis, wrote the article and created the figures.  The 
contributing authors provided data, editing and comments on the 
ecological significance of the work. 

3.1 Abstract 

Differences between pollen assemblages obtained from lacustrine and terrestrial 

surface sediments may affect the ability to obtain reliable pollen-based climate 

reconstructions. We test the effect of combining modern pollen samples from multiple 

depositional environments on various pollen-based climate reconstruction methods using 

modern pollen samples from British Columbia, Canada and adjacent Washington, 

Montana, Idaho and Oregon states. This dataset includes samples from a number of 

depositional environments including soil and lacustrine sediments. 

Combining lacustrine and terrestrial (soil) samples increases root mean squared 

error of prediction (RMSEP) for reconstructions of summer growing degree days when 

weighted-averaging partial-least-squares (WAPLS), weighted-averaging (WA) and the 

non-metric-multidimensional-scaling/generalized-additive-models (NMDS/GAM) are 

used but reduces RMSEP for randomForest, the modern analogue technique (MAT) and 
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the Mixed method, although a slight increase occurs for MAT at the highest sample size. 

Summer precipitation reconstructions using MAT, randomForest and NMDS/GAM suffer 

from increased RMSEP when both lacustrine and terrestrial samples are used, but WA, 

WAPLS and the Mixed method show declines in RMSEP. 

These results indicate that researchers interested in using pollen databases to 

reconstruct climate variables need to consider the depositional environments of samples 

within the analytical dataset since pooled datasets can increase model error for some 

climate variables. However, since the effects of the pooled datasets will vary between 

climate variables and between pollen-based climate reconstruction methods we do not 

reject the use of mixed samples altogether. We finish by proposing steps to test whether 

significant reductions in model error can be obtained by splitting or combining samples 

from multiple substrates. 

3.2 Introduction 

Large surface-sample databases allow researchers to relate modern pollen 

distribution to regional and continental-scale climates (North America: Whitmore et al., 

2005; Africa: Gajewski et al., 2002; Europe: Dormoy et al., 2009; China:  Members of 

China Quaternary Pollen Data Base, 2001).  The size of the dataset used in analysis plays 

an important role in model quality.  For chironomids it has been shown that more precise 

and accurate reconstructions of past environments from sedimentary archives become 

possible as dataset breadth across a climate gradient increases (Walker et al., 1997).  

Chironomid datasets are obtained only from lacustrine-type environments and so may 

only be extended using other lacustrine samples.   
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In contrast to chironomid datasets, pollen datasets can extend coverage of a region 

or climate gradient by including modern pollen assemblages obtained from several 

depositional environments including peat, soil or lacustrine sediments. If a climate 

reconstruction uses pollen assemblages obtained from lacustrine sediments, it may be 

possible to extend coverage along a climate or vegetation gradient by including pollen 

obtained from both lacustrine and soil samples.  This may be of particular interest in dry 

regions such as grasslands where lacustrine depositional environments may be absent of 

limited.  The literature makes it clear that the effects of mixed depositional environments 

have been of concern for some time, and most large databases contain information about 

depositional environment.  Although extending the dataset in this way may seem 

desirable, the effect of mixing samples from multiple depositional environments on 

model error for pollen-climate reconstructions has yet to be examined in detail. 

Pollen-based climate reconstructions with relatively broad coverage of individual 

climate gradients are subject to error resulting from sample selection (Xu et al., 2010) 

and may be subject to error resulting specifically from the use of modern pollen samples 

from multiple depositional environments.  It is well known that there are differences in 

source area (Davis, 2000; Jacobson and Bradshaw, 1981) and preservation (Havinga, 

1984; Havinga, 1964; Sangster and Dale, 1961) between depositional environments, and 

it is clear by the inclusion of depositional data in many large pollen databases that this 

has been of concern for some time.  Researchers have already shown significant 

differences in pollen representation between depositional environments in a number of 

regions (lacustrine and terrestrial: Zhao et al., 2009; lacustrine, soil and moss: 

Wilmshurst and McGlone, 2005; lacustrine and peat: Webb III et al., 1978).  Thin-walled 
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pollen taxa may be under-represented in soil samples as a result of oxidation (Havinga, 

1964), while prolific pollen producers (e.g.  Pinus) may be more abundant in lacustrine 

samples because of their over-representation in the regional component of the pollen rain 

(Davis, 1984).  These factors will affect the pollen-vegetation relationship for any site, 

and will also affect the way in which the pollen assemblage represents the vegetation-

climate relationship of the site. 

 

Figure 3.1. Depositional environments for pollen assemblages in the expanded British 
Columbia Modern Database (BCMPD, n = 990) and the North American 
Pollen Database (NAMPD, n = 4815). Depositional environments include 
lacustrine (LACU), other (OTHR), peat (PEAT), terrestrial/soil (TERR), 
moss polsters (TMOS) and unknown (UNKN). 

The North American Modern Pollen Database (NAMPD: Whitmore et al., 2005) 

defines six depositional environments (that may have further sub-categories), with 

varying numbers of pollen assemblages in each group (Figure 3.1).  The use of samples 
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from multiple depositional environments varies among researchers.  Gonzales et al. 

(2009) propose removing all terrestrial samples from the NAMPD to improve pollen-

climate relationships in eastern North America but do not explicitly test the effects of 

sample site removal on pollen-based climate reconstructions.  Among pollen-based 

climate reconstructions, some use pooled datasets where samples from all depositional 

environments are used (Viau et al., 2006, Dormoy et al., 2009) while others use only 

lacustrine samples (Goring et al., 2009, Seppä et al., 2004).  This choice results from a 

trade-off between the assumption that differences in pollen-climate representation 

between depositional environments are not sufficient to reduce model performance within 

large datasets and the implication that complex relationships between depositional 

environment, pollen and climate representation may increase model error regardless of 

dataset size. 

Since pollen-based climate reconstructions are often carried out on samples 

obtained from lacustrine sediments we are interested in testing the effect of adding pollen 

assemblages from terrestrial (soil) samples to a dataset composed of lacustrine samples.  

Increasing the dataset size by adding terrestrial samples to a lacustrine dataset may 

improve model performance by reducing the variability in the pollen-climate relationship.  

To test whether this is equivalent to reductions in variability by adding lacustrine samples 

we compare gains made by the addition of terrestrial samples to gains made by adding an 

equivalent number of lacustrine samples.  This study examines how several pollen-based 

climate models perform with respect to mixed depositional environments. By examining 

the effect of substrate we also hope to gain insight into the various pollen-based climate 

models.  Predictions from pollen-based climate models may also be improved when the 
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additional samples extend coverage of a climatic or spatial gradient, however, the dataset 

we present does not allow us to test this facet of mixed depositional environments in 

detail. 

3.3 Regional Setting 

This study focuses on western North America, with samples spread from the 

southern border of Oregon to northern British Columbia (BC) and from the Pacific coast 

to Montana (Figure 3.2).  The region has an area of approximately 1,450,000 km2 and 

spans a broad range of climate and vegetation zones. Boreal forest in north-eastern BC is 

typified by long, very cold winters and short growing seasons.  Temperate rain-forest is 

found along the Pacific coast, interspersed with dry Garry oak savanna stretching 

southward from southern Vancouver Island, through the Puget Trough in Washington 

State to Oregon.  A second belt of interior rain forest can be found further inland in BC 

along the western slope of the Rocky Mountains.  Each of the mountain ranges in the 

region have alpine tundra environments at high elevations.  A belt of interior desert 

spreads from south central BC and continues to the Great Basin in southern Oregon. 
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Figure 3.2. Map of the Pacific coast of North America showing the locations of terrestrial (□) and 
lacustrine (◦) sample sites.  Note that the distribution of sample sites among terrestrial 
and lacustrine substrates is uneven. 

Typically, summer temperatures increase from north to south, and precipitation 

and winter temperatures decrease from west to east.  Sharp vertical gradients for 

precipitation and temperature also exist among the many mountain ranges that occur in 

western North America. 

3.4 Methods 

3.4.1 Pollen Samples and Climate Data 

The British Columbia Modern Pollen Database (BCMPD: Goring et al., 2009) 

contains 284 surface pollen samples (145 lacustrine samples and 139 terrestrial samples).  

We have added 331 lacustrine and 77 terrestrial samples to this dataset, obtained from the 

NAMPD and from Gavin et al. (2005) to produce a larger dataset (Figure 3.1 & Figure 
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3.2).  Because of the complexity of the problem, we use two extremes from the 

continuum of natural depositional environments, lacustrine and terrestrial substrates.  

Although samples obtained from moss polsters and peat are included in both the BCMPD 

and the NAMPD, we exclude them from analysis because they have characteristics that 

are intermediate between terrestrial and lacustrine samples.  To generalize, pollen 

assemblages from a moss polster or from peat have lower rates of abiotic decomposition 

than terrestrial samples because of potential saturation, have a greater regional 

component than terrestrial samples because of larger canopy openings, and have less 

secondary reworking than lacustrine samples once pollen is deposited because of a lack 

of sediment focusing and a shallower reworking depth.  It is possible that under certain 

conditions one or all of these assumptions may be violated but for the purpose of this 

analysis we will allow them to guide the selection of depositional environments. 

Downscaled climate data for each site was obtained using the ANUSPLIN model 

(McKenney et al., 2007) at a 10 x 10km scale.  Preliminary results from spatially 

weighted principal components analysis (sPCA: Dray & Dufour, 2007) using only 

lacustrine samples showed that summer growing degree days (sGDD) was most heavily 

weighted on the first sPCA axis. This indicates that, when the spatial distribution of sites 

is taken into account, sGDD is responsible for the largest proportion of variance in the 

climate dataset so this variable was chosen to be the basis of our modelling. 
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Figure 3.3. Sample sizes for the 6 bin intervals used in the analysis of error with summer (May – 
August, inclusive) growing degree days (sGDD).  The lines represent relative 
distribution and are not scaled to the y-axis.  Samples from terrestrial (soil) 
depositional environments are indicated by a dashed line, while samples from lacustrine 
depositional environments are indicated by a solid line.  The inset map shows the 
distribution of sGDD values across the region of interest.  Relatively high sGDD values 
are found along the Pacific coast and within the interior.  The legend is directly above 
the x-axis for the sGDD distributions. 

Growing degree days are the sum of all mean daily degrees above 5oC through the 

period from May to August (inclusive) and are an important integrator of both absolute 

temperature, the timing of the onset of spring and the end of the growing season.  

Summer growing degree days show a strong negative relationship to elevation (-0.5oC/m 

elevation; F1,868 = 844.1, R2 = 0.49) in the region, and, though relationships to latitude (-

25oC/oN) and longitude (20oC/oE) are both significant (at p < 0.001) they account for 
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little of the variation in sGDD (both R2 < 0.03) across the sites.  This is likely because 

proximity to the ocean affects the north-south sGDD gradient, and because the north-

south orientation of many valley bottoms results in a banded pattern for sGDD from east 

to west (Figure 3.3, inset). 

Because the coverage of climatic gradients by pollen sample sites differs between 

variables, and because pollen-based climate reconstructions generally show greater error 

for precipitation (e.g.  Whitmore et al., 2005; although compare with Herzschuh et al., 

2010 and Shen et al., 2006) we also use summer precipitation (SP: precipitation from 

May – Aug, inclusive) so that we could compare model behaviour across several climate 

variables.  Values for SP were log-transformed to approximate a normal distribution. 

Although the positive relationship between elevation and the log-transformed SP is 

significant, it accounts for almost no variability (3x10-5 log10-mm/m; F1,868 = 6.32, p = 

0.01, R2 < 0.01).  Latitude has a significant positive trend (0.03 log-mm/oN; F1,868 = 

191.1, p < 0.01,R2 = 0.18) and longitude has a significant negative trend (-0.03 log-

mm/oE; F1,868 = 199.6, p < 0.01,R2 = 0.19).  Together the two account for 25% of the 

variance in SP (F3,866 = 94.9, p < 0.01,R2 = 0.25).  It is likely that the variance in the 

linear model is low because mountain ranges play such a large role in the spatial patterns 

of SP. The effect of orographic precipitation and the associated rain shadows across 

mountain ranges increases variability in precipitation from west to east.  The pattern we 

describe above results in high SP along the northwest coast and low SP in the south-

eastern interior. 
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Figure 3.4. Sample sizes for the 9 bin sizes used in the analysis of (log) summer precipitation values 
across the dataset.  The lines represent relative distribution and are not scaled to the y-
axis. Samples from terrestrial (soil) depositional environments are indicated by a 
dashed line, while samples from lacustrine depositional environments are indicated by a 
solid line.  The inset shows log-summer precipitation values across the region.  The 
highest values are found along the north Pacific coast with very low values found in the 
southern interior of the region.  The legend is shown above the x-axis of the summer 
precipitation distribution. 

Pollen surface samples are distributed unevenly in space.  This may be an artifact 

of sampling by individual authors (e.g.  terrestrial samples from Allen et al., 1999, vs. 

lacustrine from Pellatt et al., 1997) or the geography of the area of interest (e.g. poor road 

access).  The spatial distribution may also be environmentally controlled since it is more 

difficult to obtain lacustrine samples in dry environments such as the “pocket desert” 

region of south-central British Columbia (e.g.  Hazell, 1979).  Because of the uneven 

spatial distribution between lacustrine and terrestrial sites, it is not surprising that there is 
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also a difference in the distribution of sites across the range of sGDD values between 

lacustrine and terrestrial samples (Figure 3.3). Two sets of terrestrial sites (Idaho, USA: 

Davis, 1984; central British Columbia: Hebda and Allen, 1993) accounting for 25% of all 

terrestrial samples have sGDDs lower than 500.  It is uncommon for lacustrine sites to be 

so tightly grouped because multiple records for the same lake are not reported in the 

dataset.  This may account for differences between lacustrine and terrestrial samples in 

the distribution of samples along the sGDD curve. 

The difference between terrestrial and lacustrine samples in relation to SP (Figure 

3.4) is less extreme largely because SP shows less spatial variability than sGDD (as 

indicated by sPCA scores, also compare insets for Figure 3.3 & Figure 3.4). Given the 

variability in sGDD, sampling a large number of sites in a small region (e.g.  Hebda and 

Allen, 1995; Davis, 1984; Allen et al.,1999) can skew the dataset. 

3.4.2 Substrate Testing 

When information content is equivalent, the addition of surface-samples to a 

model will improve performance. We are interested in whether the addition of terrestrial 

samples to an existing lacustrine dataset improves the performance of our pollen-based 

climate models and whether this improvement is statistically different from the 

improvement obtained by adding a similar number of lacustrine samples.  To perform this 

test we determined the distribution of surface samples along a climate gradient and 

binned the samples for each depositional environment, at regular intervals (sGDD, Figure 

3.3; log-SP, Figure 3.4). 
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The permutation test begins by sampling 100 lacustrine pollen assemblages (L100, 

Table 3.1) such that the underlying distribution of the climate variable (Figure 3.3 & 

Figure 3.4) is retained.  Terrestrial samples (n = 216) represent 45% of the total lacustrine 

samples (n = 476) in the expanded BCMPD, thus we also create a second dataset (M100) 

using the same 100 lacustrine samples and adding 45 terrestrial samples, again retaining 

the underlying distribution of the climate variable. 

Table 3.1. Sizes and identifiers for analytical datasets used in this study.  The mixed datasets are 
named using the number of lacustrine samples only since we are testing both the power 
of increasing sample size and the effects of mixing samples from different depositional 
environments. 

Lacustrine Only Dataset Mixed Dataset  

Name 
Lacustrine 
Samples Name Total Size 

Lacustrine 
Samples 

Terrestrial 
Samples 

L100 100 M100 145 100 45 
L145 145 M145 210 145 65 
L210 210 M210 305 210 95 
L305 305 M305 442 305 137 
L442 442 M442 641 442 199 

 

Because root mean squared error is often under-predicted we calculate root mean 

squared error of prediction (RMSEP) using a split-sampling method (Birks, 1995).  The 

sGDD and SP values for a set of 50 randomly sampled lacustrine pollen assemblages 

(with no concern for location along the gradient) were predicted with models constructed 

using both the L100 and M100 datasets.  Residuals were calculated for each of the 50 

randomly sampled sites based on these predictions. This was repeated 500 times, 

ensuring that each of the 50 lacustrine pollen assemblages was sampled approximately 

100 times.  From these estimates RMSEP was calculated for each site and for the set of 
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models as a whole.  The permutation test allows us to examine the effect of substrate and 

sample size simultaneously.  We repeat the permutation test using increasingly larger 

lacustrine datasets (Table 3.1) to examine the effect of sample size independent of mixing 

substrate. 

3.4.3 Pollen-Climate models 

Our pollen-based climate reconstruction used a number of standard models, 

including weighted-averaging-partial-least-squares regression (WAPLS: ter Braak & 

Juggins, 1993), weighted-averaging with tolerance downweighting and inverse de-

shrinking (WA: ter Braak & van Dam, 1989), and the modern-analogue-technique (MAT: 

Guiot, 1990; Overpeck et al., 1985). 

These three models have been used previously in pollen-based reconstructions.  

Weighted-averaging is a transfer function method that has been used by a number of 

researchers for pollen-based reconstructions (St Jacques et al.,2008; Hughes et al.,2002; 

Goring et al.,2009).  The method generates a vector of climatic optima, one for each 

pollen taxon in the dataset that can be used to weight the pollen taxa in the predictive 

sample.  By weighting and then averaging the weighted values we obtain a prediction for 

the variable of interest (Jongman et al.,1995). 

Weighted-averaging-partial-least-squares (WAPLS) regression begins by 

transforming pollen taxa using the weighting operation from weighted-averaging.  The 

first component of WAPLS regression is equivalent to the WA result, however WAPLS 

differs from WA by optimizing the residuals from the prior component and again 

calculating a component vector (ter Braak & Juggins, 1993).  The process is repeated 
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until no more improvement is seen in the predicted values.  This method is more 

commonly used for other proxies, such as diatoms, but has been used in a number of 

studies using pollen (Goring et al., 2009; Dormoy et al., 2009; Feurdean et al., 2008). 

The modern-analogue-technique (MAT) is one of the most commonly used 

transfer functions in palynology.  The method averages climate variables for a number of 

near-neighbours using a distance metric, most commonly the square-chord distance 

(Guiot 1990; Overpeck et al.,1985).  A number of methods exist to select the most 

appropriate number of near-neighbors (Williams and Shuman, 2008; Gavin et al., 2003).  

For this study we use the closest ten samples as the basis of our averaging. 

In addition to these methods we used the new non-metric-multidimensional-

scaling-generalized-additive-model technique (NMDS/GAM: Goring et al., 2009), 

randomForest regression (Liaw & Wiener, 2002) and, additionally, combined the results 

from each method using a generalized-additive-model (Wood, 2008), the Mixed method.  

The NMDS/GAM method operates by transforming the multidimensional pollen dataset 

into a low-dimensional representation using non-metric multidimensional scaling 

(NMDS) based on squared chord distances between sites.  A generalized additive model 

(GAM) is fit to the point distribution once the optimum number of dimensions has been 

selected.  Climate variables for the new samples may then be predicted using the GAM 

(Goring et al.,2009, Dormoy et al., 2009). 

randomForest is a non-linear predictive model that is a special form of regression 

tree (Liaw & Wiener, 2002; Breiman, 2001). Regression trees partition the predictive 

dataset into progressively smaller cells using splitting decisions (e.g.  is value x above 

threshold y?). Local regression models are fit to the data points within each cell once a 
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predefined minimum cell size has been reached.  The randomForest model is generated 

from a large number of regression trees generated with random splits at each node.  The 

decisions used at the nodes in the ultimate randomForest model result from votes from 

the 'forest' of random trees, based on how effective the randomly generated decision 

vectors were at minimizing the mean sum of squares.  randomForest has yet to be used 

for pollen-based climate reconstruction, but related neural-network methods have been 

used elsewhere (Brewer et al., 2009; Peyron et al., 1998).   

The Mixed technique presented here predicts climate variables for a sample by 

combining predictions from each of the described models using a GAM.  By fitting the 

individual model outputs with non-parametric spline functions using a GAM it may be 

possible to correct for the increasing differences between actual and predicted values at 

the ends of the climate ranges, and to weight each of the five individual climate models 

that we use here.  We expect that the Mixed method should most closely resemble the 

“best” of the five other models with respect to RMSEP. It is unlikely that the Mixed 

method will ever provide the optimum RMSEP value since the other four models will 

also contribute to the predicted value.  All methods contribute to the predicted value in 

the Mixed method, so it should be relatively insensitive to negative effects of substrate.  

Those methods that perform well with mixed substrate will contribute more to the 

explained variance in the model than those that perform poorly. 

We use a modified ANOVA to examine the effects of model type, substrate and 

sample size on prediction error (RMSEP) for the climate variable of interest.  To avoid 

violating assumptions of normality, the mean squares values for the ANOVA are 

bootstrapped 1000 times using a randomization procedure to test the significance of the 
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mean squares values (Manly, 1997).  Significant effects for the choice of model (WA, 

WAPLS, MAT, NMDS/GAM, randomForest, or Mixed), substrate (L or M) and sample 

size (based on the number of lacustrine samples only: 100, 145, 210, 305, 442; see Table 

3.1) are straightforward.  A significant interaction between model and substrate would 

indicate that individual models have responses that differ with respect to the addition of 

terrestrial samples.  Substrate and (lacustrine) sample size interactions indicate that model 

performance with respect to substrate changes as sample size increases, possibly due to 

the effects of asymptotic declines in error with increasing sample size.  The same effect 

may also result in interactions between model and sample size.  Three way interactions 

are likely to indicate that the asymptotic effect on error of increasing sample size and the 

addition of terrestrial samples results in differences between models with respect to 

RMSEP. 

3.5 Results 

3.5.1 Summer Growing Degree Days 

Results indicate that MAT provides the best estimates of sGDD, with the Mixed 

model providing the next best estimate (Figure 3.5).  This is likely a result of a high 

weighting for MAT results in the GAM used to calculate the Mixed model.  WA, 

WAPLS and NMDS/GAM all produce relatively poor results when compared to the other 

models.  The addition of terrestrial samples to the lacustrine dataset significantly reduces 

model error (Wilcoxon Test: p < 0.05) for the Mixed and MAT models at all sample 

sizes, and for randomForest at all sample sizes but the highest (Figure 3.5). 
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Figure 3.5. Root mean squared error of prediction (RMSEP) for summer growing degree days 
(sGDD). The graphs, divided by sample size,  indicate the change in model error from a 
dataset using only lacustrine ('l') samples (left) to a dataset using both lacustrine and 
terrestrial ('t') samples (right) for six pollen-based climate reconstruction models 
(labeled (a) Mixed method; (b) Modern analogue technique; (c) Non-metric 
multidimensional scaling/generalized additive model; (d) Weighted Averaging, Partial 
Least Squares regression; (e) Weighted Averaging; (f) randomForest). A heavy line 
indicates that the change in RMSEP from the ln to mn (Table 2) dataset is significant 
(Wilcoxon test, p < 0.05).  An asterisk beside the model-type indicates the change from 
ln-1 to ln is significant.   

Significant increases in model error occur for WA (at only the smallest sample 

size), and for WAPLS and NMDS/GAM at all sample sizes but the lowest (Figure 3.5).  

This pattern may result from changes in model RMSEP variance as the sample size 

increases.   

Error decreases significantly for all models with increasing sample size in the 

lacustrine datasets, except for WA (at all sample sizes), and for WAPLS (at the highest 

sample size) (Figure 3.5).  This indicates that the further addition of lacustrine samples to 

the dataset is unlikely to show any improvement in RMSEP for the WA model, and that 

WAPLS has reached its minimum error at sample size n = 442.  The WA results suggest 

the possibility that noisy pollen-sGDD relationships obscure the underlying response 
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curves of individual pollen taxa.  If this is severe enough the addition of samples from 

either lacustrine or terrestrial sites is unlikely to improve reconstruction.  Uneven 

sampling of sites within the region (for BC: Goring et al., 2009) may also result in a 

situation where the weighted averages of individual taxa are highly skewed (ter Braak 

and Looman, 1986).  Both of these hypotheses can be tested, however it is beyond the 

scope of this article. 

Table 3.2. Summary table for the analysis of model RMSEP using summer growing degree days.  The 
table shows the effect of each variable, or combination on model RMSEP (‘+’ indicates 
error increases, ‘-’ indicates model error decreases). ANOVA model degrees of freedom 
(df), mean squares (MS) and p-values are based on the modified ANOVA procedure.  
All factors and combinations, except for substrate, are significant when examining 
model error (root mean squared error of prediction). 

Model Effect df MS p 
Substrate + 1,34860 6620 0.220 
Sample Size - 1,34860 1.89x107 0.001 
Model Type - 6,34860 6.9x106 0.001 
Substrate + Sample Size - 1,34860 29000 0.015 
Substrate + Model Type + 1,34860 2.26x105 0.001 
Sample Size + Model Type + 6,34860 8.50x105 0.001 
Substrate + Sample Size + Model Type + 6,34860 2.60x104 0.001 

With the exception of substrate, all factors, and combinations had a significant 

effect on RMSEP (Table 2.2). The intercept for the model (527oC*days) is significant (p 

< 0.001) and accounts for 19% of the total sGDD range across the region.  The lack of 

significance for the substrate term appears to reflect differences in model response to the 

addition of terrestrial samples. Adding terrestrial samples to the predictive dataset 

increases model error for some pollen-based climate reconstruction methods, while 

decreasing model error for others (Figure 3.5). 
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The interaction terms between substrate and each model type are all significant at 

p < 0.001 except for MAT and randomForest, for which there is no significance.  For 

significant model types the coefficient is positive, indicating that the use of terrestrial 

samples with these models increases RMSEP in the absence of the sample size effect. 

Among pollen-based climate reconstruction methods there are two groups, those 

for which there is no significant interaction between Substrate and Sample Size (MAT, 

WA, randomForest; all MS1,4986 < 5000, p > 0.05) and those for which there is significant 

interaction (WAPLS, NMDS/GAM, Mixed; all MS1,4986 > 20000, p < 0.05; Figure 3.5).  

For the first group (MAT, WA, randomForest) increasing sample size has no effect on the 

relationship between the mixed and lacustrine-only datasets (the slope remains constant 

in Figure 3.5 at each sample size).  The model error for WAPLS and NMDS/GAM 

increases at an increasing rate when terrestrial samples are added as the base sample size 

increases. Mixed model RMSEP declines at an increasing rate with the addition of 

terrestrial samples as sample size goes up until the highest sample size where this effect 

appears to dampen. 

3.5.2 Summer Precipitation 

As with sGDD, MAT produces the smallest RMSEP (Figure 3.6).  Here 

NMDS/GAM produces an error that is lower than all other models but MAT.  

randomForest shows the worst performance among models.  The RMSEP for 

randomForest is relatively stable,  although it does decline significantly as lacustrine-only 

sample size is increased (Wilcoxon Test, p < 0.05).  randomForest also shows a 

significant increase in model error at all sample sizes when terrestrial samples are added 

(Wilcoxon Test, p < 0.05).  The Mixed, WAPLS, WA and NMDS/GAM models have 
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similar error across all samples.  The Mixed  model shows significant declines in model 

error with the addition of terrestrial samples at all sample sizes.  The NMDS/GAM and 

MAT models both show significant increases in model error with the addition of 

terrestrial samples for four of five sample sizes.  

 

Figure 3.6. Root mean squared error of prediction (RMSEP) for log-summer precipitation.  The 
graphs, divided by sample size,  indicate the change in model error from a dataset using 
only lacustrine ('l') samples (left) to a dataset using both lacustrine and terrestrial ('t') 
samples (right) for six pollen-based climate reconstruction models (labeled (a) Mixed 
method; (b) Modern analogue technique; (c) Non-metric multidimensional 
scaling/generalized additive model; (d) Weighted Averaging, Partial Least Squares 
regression; (e) Weighted Averaging; (f) randomForest). A heavy line indicates that the 
change in RMSEP for dataset size n from the lacustrine (ln) to mixed (mn) (Table 2) 
dataset is significant (Wilcoxon test, p < 0.05).  An asterisk beside the model-type 
indicates the change to the lacustrine dataset size n ln-1 – (ln ) from the previous dataset 
size (ln-1) is significant.  

 

The addition of more lacustrine samples to a lacustrine dataset was not significant 

(Wilcoxon Test, p > 0.05) for the Mixed, NMDS/GAM, WAPLS and WA models for the 

change from l210 to l305, but significant for the changes before and after (Figure 3.6).  It is 

possible that this is a result of differences in variance among the simulations, although the 
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Mixed model does appear to be approaching a minimum RMSEP since there is also no 

significant change in RMSEP at sample size l442. 

Table 3.3. Summary table for the analysis of model RMSEP using summer precipitation.  The table 
shows the effect of each variable, or combination on model RMSEP (‘+’ indicates error 
increases, ‘-’ indicates model error decreases). ANOVA model degrees of freedom (df), 
mean squares (MS) and p-values based on the modified ANOVA procedure. 

Model Effect df MS p 
Substrate - 1,34860 0.09 0.001 
Sample Size - 1,34860 5.17 0.001 
Model Type - 6,34860 4.53 0.001 
Substrate + Sample Size + 1,34860 0.62 0.001 
Substrate + Model Type + 1,34860 0.08 0.001 
Sample Size + Model Type - 6,34860 0.07 0.000 
Substrate + Sample Size + Model Type + 6,34860 0.02 0.000 

All factors and combinations had a significant effect on model RMSEP when we 

examined SP models (Table 3.3).  The model intercept (0.49 log-mm) is again significant 

(p < 0.001) and accounts for 18% of the total range of the SP gradient.  Substrate and 

sample size both have an overall significant negative effect on RMSEP and all models 

but WAPLS and randomForest had a significant negative effect on model RMSEP 

indicating an improvement in model performance when they are used. 

Individual models show a significant negative effect of substrate for all models 

but randomForest (MS1,4986 = 0.004, p = 0.24). The interaction between substrate and 

sample size increases model error for WAPLS, MAT and NMDS/GAM models (all 

MS1,4986 > 0.025, all p < 0.05), but it appears that the effect of the Size and Substrate 

terms are large enough in the WAPLS model to result in an overall decline in model error 

as terrestrial samples are added for this model (Figure 3.6). 
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3.5.3 Between Variable Performance 

The reconstruction of two different climate variables allows us to examine the 

performance of multiple models under different scenarios. We find that randomForest 

performs relatively well when reconstructing sGDD but poorly when reconstructing SP. 

This may be a result of the differences in the distributions between lacustrine and 

terrestrial samples along the range of sGDD and SP values.  While SP terrestrial and 

lacustrine values have similar distributions, sGDD terrestrial samples are more heavily 

weighted at lower sGDD values when compared to lacustrine values.  The two climate 

variables also have different spatial structure.  SP appears to have lower variability across 

the region (Figure 3.4), while sGDD varies strongly from valley bottom to valley top 

(Figure 3.3).  High spatial variance of a climate variable can affect climate reconstruction 

from pollen since spatially proximate sites may have different climate values but similar 

pollen profiles due to short or medium range pollen transport.   

If that is the case then models that rely on transformations using the whole dataset 

(WA, WAPLS and NMDS/GAM) are likely to show stronger effects from the addition of 

terrestrial samples because they are already strained by the increased variance in the 

climate-pollen relationship.  Models that use only small portions of the data at any one 

time (MAT and randomForest)  may not be so strongly affected because they require few 

close neighbours to ensure accurate climate prediction. 

It is possible that the low RMSEP for MAT may be an artifact of the clustering of 

sample sites since close spatial neighbours are likely to have similar pollen assemblages 

and similar climate profiles.  It has been shown elsewhere (Telford and Birks, 2009) that 

MAT is particularly susceptible to this kind of error. Because of problems with spatial 
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autocorrelation it is possible that MAT may show more variability between models (and 

higher error) then presented here. 

Changes in model RMSEP resulting from the addition of the terrestrial samples 

are likely due to the underlying mechanics of the pollen-based climate reconstruction 

methods, the climate data themselves and the degree of overlap between the climate 

coverage of the lacustrine and terrestrial samples.  The WA, WAPLS and NMDS/GAM 

methods begin by transforming the pollen dataset into a matrix of equal (WA) or lower 

(WAPLS, NMDS/GAM) dimension.  If lacustrine and terrestrial substrates reflect 

different representations of the pollen-climate relationship, transformation of the dataset 

will result in a hybrid between the two potential pollen-climate relationships.  We may 

then consider three universal outcomes for combining terrestrial and lacustrine samples 

with these models: an optimal solution for transformed terrestrial datasets alone, another 

optimal solution for transformed lacustrine datasets alone, and a final, sub-optimal 

solution for the mixed, transformed dataset that results in the increasing RMSEP we see 

for sGDD.  Given that this pattern is not seen for SP, we must assume that the two 

optimal solutions for lacustrine and terrestrial datasets are similar enough that the 

combined dataset results in a lowered RMSEP. 

The mechanics of MAT and randomForest methods do not explicitly require 

knowledge of the entire dataset and so they can potentially avoid the problems associated 

with mixed datasets.  Only the n-closest neighbours are used in MAT (usually measured 

as squared chord distance between pollen assemblages: Overpeck et al., 1985) to predict 

the climate variables of interest, thus additional terrestrial samples will only affect 

reconstruction when they are similar in composition to existing lacustrine samples.  If 
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there is a significant difference between particular taxa, it is possible that terrestrial and 

lacustrine samples will effectively be segregated.  This is in contrast to WA, WAPLS and 

NMDS/GAM methods, for which even dissimilar assemblages will have some effect on 

the overall representation of the data. 

Because the decision making process in randomForest is randomized, it may be 

possible to separate lacustrine and terrestrial pollen-climate relationships without 

explicitly knowing the sample source.  For this reason the addition of terrestrial samples 

should not affect overall prediction error, although in practice there appears to be a 

negative effect on RMSEP for sGDD. 

The Mixed model regresses output from each method using smooth splines, so the 

models that show improvement following increases in sample size will be weighted 

higher than models that show a decline in performance.  Therefore we should expect that 

under all circumstances the mixed model will increase in performance with the addition 

of terrestrial samples, as we show here. 

3.6 Discussion 

To our knowledge this is the first investigation of the effects of mixing samples 

from different depositional environments on pollen-based climate model performance for 

pollen-based climate reconstructions.  Although the dataset is relatively small when 

compared to other, larger datasets (the North American Pollen Database, n = 4833: 

Whitmore et al., 2005; European pollen database, n = 3542: Dormoy et al., 2009), it 

represents a region with diverse climate, and a sampling network that contains gaps with 
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respect to the climate space of the region (Goring et al., 2009) and so the results should 

be applicable to most analyses of pollen from lacustrine sediments. 

Our results show that attempts to improve model performance by increasing the 

sample size of a lacustrine dataset using terrestrial samples should be approached with 

caution, but should not be disregarded altogether (e.g.  Gonzales et al., 2009). They are 

sensitive to both the climate variable being reconstructed and the method used to 

reconstruct climate. It is unwise to assume that the addition of these samples will lead to 

an improvement in model performance, but also unwise to discount the possible reduction 

in model RMSEP possible through their addition. 

The effect of mixing depositional environments appears to be strongly controlled 

by the relative information content of pollen taxa with respect to the climate variable for 

each depositional environment. Unfortunately, it also appears that information content, 

with respect to climate variables, is itself controlled by the pollen-based climate model 

used. Changes in model RMSEP resulting from the addition of the terrestrial samples are 

likely due to the underlying mechanics of the pollen-based climate reconstruction 

methods, the climate data themselves and the degree of overlap between the climate 

coverage of the lacustrine and terrestrial samples. The WA, WAPLS and NMDS/GAM 

methods begin by transforming the pollen dataset into a matrix with a lower dimension 

than the parent. If lacustrine and terrestrial substrates reflect different representations of 

the pollen–climate relationship, transformation of the dataset will result in a hybrid 

between the two potential pollen–climate relationships. We may then consider three 

universal outcomes for combining terrestrial and lacustrine samples with these models: an 

optimal solution for transformed terrestrial datasets alone, another optimal solution for 
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transformed lacustrine datasets alone, and a final, sub-optimal solution for the mixed, 

transformed dataset that results in the increasing RMSEP we see for sGDD. Given that 

this pattern is not seen for SP, we must assume that the two optimal solutions for 

lacustrine and terrestrial datasets are similar enough that the combined dataset results in a 

lowered RMSEP. 

We show two effects of combining samples from multiple depositional 

environments. The first source of error results from variability in the climate signal. This 

problem is unlikely to be specific to British Columbia or western North America. 

Previous work has shown that weightings along principal components for pollen datasets 

in southeastern Canada and northeastern United States vary between lacustrine and peat 

samples for pollen taxa (Webb et al., 1978). Zhao et al. (2009) have explicitly shown 

differences between lacustrine and terrestrial samples in China, and Wilmshurst and 

McGlone (2005) have shown differences between moss cushions, soil and lake samples 

in New Zealand. This work supports the recent findings of Xu et al. (2010) who have 

recently shown that the choice of samples can have a significant effect on model error, 

although their analysis compared samples across ecotones and within degraded 

environments. 

The second source of error relates to differences in the distribution of terrestrial 

and lacustrine samples along the range of climate values for the variable of interest. Here 

we showed that this has a significant effect on MAT, and although it may have had an 

effect on other methods it was not as easily tested. This problem is also likely to be 

universal; however, it is more dependent on the efforts of researchers in sampling pollen 
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and so may be corrected through increased sampling intensity in under-represented 

regions (e.g.  Goring et al., 2009). 

Our results indicate that multi-model approaches ought to consider the 

depositional environments of samples used for each individual method if optimal results 

are to be produced. Since authors have already begun investigating changes in climate 

using multi-model approaches (e.g.  Brewer et al., 2008), our results clearly demonstrate 

that the composition of predictive datasets must be explicitly considered on a model-by-

model basis since their responses to the underlying data can vary. 

We show that adding samples to a dataset is not always sufficient to decrease 

model error when the new samples come from different depositional environments. If we 

see an increase in model error when samples from multiple depositional environments are 

combined, we can conclude that the information content of the pollen taxa with respect to 

the climate variable of interest is different between terrestrial and lacustrine depositional 

environments for that climate variable. For models that do not consider the entire dataset 

for climate prediction (MAT), this may not be a concern, while for others such as 

WAPLS and NMDS/GAM differences in information content may cause significant 

increases in model error. 

Ultimately we must decide why we choose to use multiple climate reconstruction 

methods if one (MAT) consistently produces lower RMSEP values, and how to select 

between multiple results if predictions differ between models. First, it should be pointed 

out that error reported for each method may not be representative of the true error when 

cross-validation does not consider the spatial autocorrelation of samples. MAT may be 

more sensitive to this error under-estimation than other methods (Telford and Birks, 
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2009). Additionally each method relates pollen to climate in a different manner; thus, we 

can expect that both the predictions from each model and the variability between models 

will serve as an indicator of overall accuracy (Brewer et al., 2008). Given this, a multi-

model approach where each individual model is optimized to minimize RMSEP ought to 

provide the most accurate reconstructions and error estimates; however, care must be 

taken to propagate model error accurately otherwise one component of the multi-model 

result, prediction variability, will be missing. 

3.7 Conclusions 

As researchers are beginning to ask more detailed questions about past climate 

change and the relationship between vegetation, climate and human interactions, it is 

important to consider how pollen-based climate models behave and how the output is 

affected by choices in input data.  We show here that innate differences between pollen 

samples from terrestrial and lacustrine substrates may strongly affect the results of 

climate reconstructions.  This effect varies with the climate variable of interest and across 

model types. 

Given the importance of pollen-based climate reconstructions, it is worthwhile to 

consider the effects of substrate on model performance, and to consider the use of 

multiple models, while understanding how the mechanics of the models can affect their 

predictions.  Simple permutation tests using subsets of the data, stratified by substrate can 

clearly indicate the effect of mixing substrates either model by model, or on mixed model 

output. 
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We recommend researchers begin by testing model RMSEP with a leave-n-out 

cross-validation procedure using datasets made up of both lacustrine-only and mixed 

datasets to determine the effect of mixing substrate.   The extensive analysis undertaken 

here is not necessary for testing a dataset if the intention is to determine whether or not to 

include terrestrial samples. A simple pairwise t-test of residual values for each lacustrine 

sample using models based on lacustrine-only datasets and mixed datasets will 

accomplish this task.   

If multiple pollen-based climate reconstruction methods are used, we recommend 

that each model be optimized with respect to substrate to provide optimal results.  

Although this procedure may be time consuming, the degree of error in modern climate 

models based on pollen data is often quite large and some error is generally disregarded 

altogether (e.g.  pollen count error). As pollen-based climate models become more 

complex, it is increasingly important to fully explore sources of model error, and where 

possible to reduce that error.  This contribution addresses the effects of using pollen 

samples from multiple depositional environments and provides a solid framework with 

which researchers may reduce model error. 
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4: THE POOR RELIABILITY OF SHORT-TERM POLLEN-
BASED CLIMATE RECONSTRUCTION IN LONG-LIVED 
FORESTS. 

4.1 Abstract 

Pollen-based reconstructions of past climate are calibrated using modern pollen 

assemblages obtained from a spatially distributed network of sample sites, this is known 

as the space-for-time substitution.  To date the space-for-time substitution has not been 

explicitly tested for pollen-based climate reconstruction techniques.  If the space-for-time 

substitution is suitable, we expect to see that pollen-climate relationships are stable across 

all datasets, while variations in species responses to climate at multiple time-scales would 

result in relationships that can be expected to change across space and time.  We assess 

pollen-climate relationships at spatial and temporal scales using the spatial British 

Columbia Modern Pollen Database (BCMPD), an annual-scale record of aerial pollen 

(AP) from Vancouver, British Columbia that spans the past 14 years and a decadal-scale 

lacustrine pollen record (MS) that spans the last 170 years from nearby Marion Lake, 

British Columbia. 

Pollen-climate relationships in our datasets are dependent on the climate variable 

of interest and the scale of the dataset.  A lack of correlation between pollen-climate 

relationships in temporal (AP, MS) and the spatial (BCMPD) records indicates the space-

for-time substitution may be inappropriate in this region at annual and decadal scales, 

with implications for studies with high temporal resolutions.  Pollen taxa from annual 

plants (Asteraceae, Chenopodiacea and Poaceae) show stronger correlations between AP, 
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MS and the BCMPD datasets for mean annual temperature than longer lives pollen taxa 

(Betula, Pseudotsuga, Cupressaceae and Tsuga heterophylla).  This indicates that for 

short-lived species physiological demographic responses to climate are tightly linked, 

while physiological responses to climate change at short time scales in longer-lived 

species are different from longer-term demographic shifts in the long lives species. 

Multiple pollen-based climate reconstruction techniques, including the modern 

analogue technique, non-metric multidimensional scaling/generalized additive model, 

weighted averaging partial least squares (WAPLS) and randomForest regression were 

tested against instrumental Tann and Pann for the region.  Only WAPLS was significantly 

correlated to an annual-scale climate variable (Pann: Pearson's r = 0.635, p < 0.05). 

Longer-term pollen reconstructions in the region appear to be robust; however, 

this study indicates potential weaknesses for pollen-based reconstructions of short-term 

climate at this site.  Since improved sampling and dating techniques allow the sampling 

of sedimentary archives at decadal and sub-decadal intervals our preliminary study 

provides a note of caution, indicating that ecological noise within the pollen archive may 

overwhelm short-term climate signals, even when those signals are well-defined. 

4.2 Introduction 

The construction of modern pollen datasets and the use of transfer functions to 

reconstruct climate is widespread (Whitmore et al. 2005; Williams and Shuman, 2008; 

Dormoy et al. 2009; Goring et al. 2009).  Pollen transfer functions use pollen 

assemblages from a number of sites with known variables (e.g.  climate, vegetation or 

land use) to predict these variables for samples, such as assemblages obtained from 
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sediment cores, where this information is unknown (Birks, 1995).  Transfer functions are 

extremely useful since complex, multi-dimensional pollen data can be converted to a 

single value, with an error estimate for the variable of interest. 

Transfer functions are calibrated to climate data based on the distribution of 

modern pollen samples with respect to the underlying climate variables.  Importantly 

pollen samples are collected into datasets over a period of years, during which time local 

or regional climate may vary.  Sample collection dates within the North American 

Modern Pollen Database (Whitmore et al. 2005) span the period from 1951 to 2004, a 

period over which temperature (Hansen et al., 2010) and precipitation (Cayan et al. 1998) 

variables have varied considerably.  The spatially calibrated transfer-functions are then 

generally applied to pollen records obtained from sedimentary records that span decades, 

centuries or millennia.  This is known as the 'space for time' substitution. 

Abundance for a single pollen taxon in a sample is the result of the amount of 

parent vegetation at a site, the distance from the pollen source to the depositional 

environment, the climatological/ecological factors affecting the production of pollen and 

spore producing structures on the parent vegetation and the preservation potential of the 

pollen grains in the depositional basin.  It has been shown that regional climate variability 

on short time scales can affect the pollen production of individual taxa at a locality 

(Fairley and Batchelder, 1986; Nielsen et al. 2010) although pollen production is usually 

reported as a constant (Broström et al. 2004; Soepboer et al. 2007).  Short-term 

fluctuations in pollen production resulting from species-specific responses to climate may 

introduce noise into the inferred pollen-climate relationships if sites used in calibrating 

transfer functions are sampled over a period of years.  This noise may then reduce the 
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ability of the transfer functions to detect short-term climate variability in reconstructions 

using pollen obtained from sedimentary archives sampled at a high temporal resolution 

(e.g.  at annual or decadal scales). 

Pollen-based transfer functions are calibrated using the relationship between 

modern pollen assemblages and modern climate values (for example: Seppa et al. 2004; 

Telford and Birks, 2009; Goring et al., 2010; Herzschuh et al., 2010). It is rare for these 

transfer functions to be validated using pollen records from sediment cores that can be 

directly tested against an instrumental record through time (although see Larocque-Tobler 

et al. 2010).  Validating pollen-based climate reconstructions using sedimentary records 

of pollen and instrumental records of annual temperature (Tann) and precipitation (Pann) 

from weather stations, can help determine whether subtle, short-term changes in climate 

variables can be detected in the pollen record.  If pollen-climate relationships for 

individual pollen taxa are similar for both spatial (pollen from modern sample sites) and 

temporal (pollen from sediment cores) datasets then we know that pollen composition at a 

site is largely the result of longer-term, regional-scale climate variables that determine 

regional vegetation composition.  If the pollen-climate relationships are different between 

spatial and temporal datasets then the relationships will reflect the short-term, local 

influences of climate, ecology and disturbance on pollen productivity, either at the site of 

interest, within the calibration dataset, or both.  It is likely that the true pollen-climate 

relationship should reflect some aspects of both long-term, regional scale, and short-term 

local-scale processes. 

The temporal scale of pollen responses to climate is an important question for 

researchers using transfer functions.  Climate reconstructions generally follow regional 
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trends; however, reconstructions can appear 'noisy' with strong, short-lived variation in 

reconstructed climate variables.  Are these variations evidence of short-term climate 

events (e.g.  Dormoy et al. 2009) or are they simply a result of random noise (Blaauw et 

al. 2010)?  This is of particular importance in the Pacific Northwest of North America 

where climate variability associated with the El Nino Southern Oscillation (ENSO) and 

the Pacific Decadal Oscillation (PDO) has been tied to ecological phenomena in the 

region.  For example, fire frequency in the Cariboo region of British Columbia (BC) has 

been tied to dry ENSO periods (Daniels, 2005), while the PDO is tied to salmon returns 

in the Pacific Northwest (Hare et al. 1999).  The PDO and ENSO are relatively short 

lived phenomena (on multi-year or multi-decadal scales) when compared to stand 

turnover rates measured in centuries on the coast of British Columbia (Lertzman and 

Krebs, 1991) but they are likely to have significant ecological effects at a regional scale. 

Changes in pollen composition on these shorter time scales are more likely to reflect 

changes in relative pollen production at a taxon scale, rather than actual compositional 

changes in the vegetation community at a regional scale.  These changes are nonetheless 

likely to be significant indicators of the regional ecology if the temporal trends can be 

linked to periodic climate events. 

Examining pollen-climate relationships within both a spatial dataset (a modern 

surface samples) and a temporal dataset (a pollen sediment record that spans the 

instrumental record for a region) can potentially address the ability of pollen-based 

climate reconstructions to recover information about short-term climate fluctuations.  The 

addition of aerial pollen records on an annual scale can further assist in understanding 
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how pollen in a sedimentary basin is recording changes in local and regional climate over 

time by providing a direct record of pollen production over time. 

Using three records of pollen, a spatially based modern surface sample record, a 

single point at a centennial temporal scale, and single point at an annual scale, we test the 

validity of pollen-based climate models at short to medium time scales and examine the 

potential sources of error associated with various pollen-based climate models when 

analysing these short records. 



 

 82

 

Figure 4.1. Weather station locations in the lower mainland of British Columbia and Washington 
State.  The Marion Lake study site is located in the UBC Research Forest (Station O), 
the Aerial Pollen record is located near (Station I). 

4.3 Methods: 

4.3.1 Location and the Instrumental Record: 

Marion Lake (49.33oN, 122.54oW, 305m asl; Station O in Figure 4.1) is a 

relatively small lake, 800m in length and 200m at its widest point with a depth ranging 

from 5 to 7m located within the Coastal Western Hemlock vegetation zone, a temperate, 

moist climate (Pojar et al. 1991).  The lake is drained by outflow to the south, and 

receives inflow from Jacobs Creek and three smaller, intermittent streams.  There is 

evidence that Marion Lake and the inflow stream may have been dammed by beavers 
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(Castor canadensis) in the past (Mathewes, unpubl.), however no such dam exists 

currently. 

Table 4.1. Weather Stations used for the instrumental record reconstruction near Vancouver, British 
Columbia, Canada.  All stations are located in British Columbia, Canada except for 
stations marked (*) located in Washington. 

    Temperature Precipitation 

Station Lat Long Elev Start End Start End 

Alouette Lake 49.28 237.52 117.3 1970-07 1982-12 1924-01 1982-12 

Buntzen Lake 49.38 237.13 10 1970-01 1983-05 1924-01 1983-05 

Chilliwack 49.17 238.08 11 1895-03 2007-02 1879-04 2007-02 

Coquitlam 49.27 237.15 7.9 - - 1901-07 1933-10 

Esquimalt 48.43 236.58 13.7 1872-07 1898-07 1872-02 1950-10 

Haney UBCRF 49.28 237.42 114.3 1945-09 1972-07 1945-09 1972-07 

Hollyburn 49.32 236.83 45.7 - - 1926-01 1952-03 

Langley 49.18 237.47 88 - - 1878-01 1900-09 

New Westminster 49.22 237.07 118.9 1874-09 1966-06 1874-09 1966-06 

North Nicomen 49.2 237.97 18 1897-02 1928-11 1897-01 1928-11 

Seattle* 47.67 238.07 117.3 - - 1878-01 1930-12 

Simon Fraser University 49.28 237.08 365.8 1965-02 2010-12 1965-02 2010-12 

Stave Falls 49.23 237.63 110 1909-11 2004-08 1909-11 2004-08 

Steveston 49.13 236.81 0 1896-02 1970-03 1896-02 2004-12 

Tatoosh Island* 49.28 235.27 30.8 - - 1869-04 1930-12 

Vancouver City Hall 49.28 236.88 86.3 - - 1924-01 1987-02 

Vancouver Int'l Airport 49.2 236.82 4.3 1937-10 2009-12 1937-10 2009-12 

Vancouver PMO 49.28 236.88 59.4 1898-10 1945-04 1898-10 1979-05 

Vancouver Harbour CS 49.3 236.88 2.5 1958-01 2007-02 1925-11 2007-02 

Vancouver Jericho Beach 49.27 236.83 6.7 1927-11 1936-10 1927-11 1936-10 

Vancouver Kitsilano 49.27 236.83 12 1957-10 1967-08 1956-05 1990-11 

 

Although the site is located within a region of high precipitation, fire has been a 

frequent component of site renewal.  Large scale fires have occurred locally in 1550, 

1660 and in 1770 (Eis, 1962; cited in Mathewes, 1973).  Initial stand establishment at the 
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site likely began following fire in either 1840 or 1868 (Mathewes, 1973; Feller, 1977).  

This forest grew until local logging and fire removed much of the local forest cover in the 

1920s and early 1930s (Mathewes, 1973; Feller, 1977).  Subsequent forest cover was re-

established following further logging from 1958-1961 (Feller, 1977). 

The earliest instrumental record of temperature and precipitation for the lower 

mainland of BC begins in 1874 (New Westminster Station: all station data available in 

the Supplemental Data).  No single station records data for all the years between 1874 

and 2000 and there is also a large unexplained data gap from all stations between 1882 

and 1894 (Paul Whitfield, pers. comm.).  To overcome this obstacle we combined records 

from twenty-one weather stations (Figure 4.1) within the Vancouver region, one on 

Vancouver Island and obtained records from two weather stations in adjacent Washington 

State (WA). 

The stations range in elevation from 0m to 365m (Error! Reference source not 

found.) and are mostly located in the Lower Mainland of BC (Figure 4.1).  Monthly 

climate variables are strongly correlated between stations.  The minimum correlation 

between stations for temperature is ρ = 0.962 (Spearman rank correlation: n = 74, p < 

0.001; between Vancouver International Airport and UBC Research Forest) and the 

minimum precipitation correlation is ρ = 0.802 (Spearman rank correlation: n = 218, p < 

0.001; between Langley and Seattle).  Chilliwack station data was chosen as a baseline 

for the temperature and precipitation records since its record overlaps all other stations 

(Error! Reference source not found.).  By regressing the data from other stations 

against the baseline record we were able to express  precipitation and temperature data in 

terms of the Chilliwack station.  Using the predicted values and propagating the standard 
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errors of prediction for each station we were able to generate regional averages for 

temperature and precipitation, with error, for the lower mainland of BC. Temperature and 

precipitation records are also smoothed to remove the effect of seasonal variations when 

calibrating the records against the pollen core and against detrended PDO and ENSO 

records (http://www.jisao.washington.edu/, accessed November 2010) using the seasonal 

decomposition function stl in R (R Development Core Team, 2010). 

4.3.2 Age-Depth Model Construction: 

The age-depth model for the Marion Lake short core (MS) is constrained at four 

points.  The top of the MS core is 1977, the year the core was obtained.  Concentrations 

of 137Cs within the core (courtesy of J. D'Auria; McLennan, 1981) peak at 3.5cm, and 

trail off to 0 at a depth of 9.5cm.  Comparing 137Cs concentrations in the lacustrine 

sediment to concentrations obtained from Canadian Milk in the years following the first 

atmospheric nuclear bomb tests (Environmental Health Directorate, 1988) can provide 

age calibration for the core.  This method has been used in this region elsewhere in the 

literature (Williams and Hamilton, 1995).  We find that the peak in 137Cs in the sediment 

corresponds to a date of 1964 for the peak and 1954 for the last sample with recorded 

137Cs. 

Widespread logging around Vancouver, British Columbia began in the early 

1900s, however the Marion Lake watershed was not logged until the mid to late-1920s 

(Feller, 1977).  In 1931 the watershed experienced a major fire, followed by smaller local 

fires in the following years (Feller, 1977).    The fire in 1931 terminated logging activities 

in the area by destroying the railway network (Maple Ridge Museum records).  Pteridium 

proportions increase dramatically within the core between 19 and 20cm.  In other studies 
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Pteridium spore counts have been found to peak soon after burning (Huttunen, 1980), 

thus the onset of the Pteridium spike is likely to have occurred at 1931 and we factor in a 

normally distributed error of 2 years to account for sediment mixing. 

The dates, with the exception of the upper date of 1977 and the Pteridium spike 

date, are assumed to be part of a normal distribution with a standard deviation of 3 years, 

since it is likely that the sediment within the core has undergone some mixing, and that 

the dates themselves are not completely constrained.  The age distribution was sampled 

5000 times for each depth and then joined by a smooth-monotone spline using the 

package fda (Ramsay et al., 2010) for R (version 2.11.1; R Development Core Team, 

2010) to generate the age-depth model.  The final age-depth model is generated from the 

mean and standard deviation of the composite curve. 

4.3.3 Pollen Analysis: 

Sediment, measuring 1ml by displacement, was removed from the MS core at 

2cm intervals (McLennan, 1981).  A Eucalyptus marker (16,180 ± 1460 grains, 

Stockmarr batch #903722) was added to each sample before processing so that pollen and 

spore concentrations could be estimated.  Pollen extraction followed Faegri and Iverson 

(1975).  Identification used published keys (McAndrews et al., 1973) and the modern 

reference collection held at Simon Fraser University.  Routine counting was carried out at 

500x magnification while oil immersion (1200x) was used for some identification. 

The pollen sum includes all terrestrial pollen, while spore and aquatic 

palynomorphs are calculated as the percentage of all palynomorphs.  Raw counts 

contained at least 500 pollen grains for all except the top (1cm depth) sample, where 
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1000 grains were counted.  Pollen diagrams were generated using C2 (Juggins, 2007).  

Constrained and k-means clustering on the pollen data was performed using chclust (rioja 

package for R: Juggins, 2009) and kmeans (stats package: R Development Core Team, 

2010) so that any major changes in the pollen record could be detected.  Correlations to 

annual temperature (Tann) and precipitation (Pann) variables use either a Spearman rank-

correlation coefficient (ρ) or Pearson product-moment correlation (r), as appropriate, 

calculated using the cor.test function in R (stats package: R Development Core Team, 

2010).  In pollen-climate correlations for the MS sediment core the climate variables are 

weighted using the probability curves for the MS age-depth model to ensure that the 

uncertainty surrounding the age-depth model is taken into account when the correlation is 

performed. 

4.3.4 Aerial Pollen: 

Modern aerial pollen records were obtained from Aerobiology Research 

Laboratories (Ottawa, Canada), an aerial pollen monitoring company.  The counts (AC) 

record annual sums of daily pollen counts obtained from aerial traps in the greater 

Vancouver Region for the period from 1998-2010 at one of two sites located south of 

Burnaby Lake (49.24oN, 122.94oW, elev. 13m)  or at Queen Elizabeth Park (49.24oN, 

123.11oW, elev. 94m).  The sites are located 11km from one another, but both are within 

the Greater Vancouver Area. 

Pollen is collected from mid-January until mid-October.  Aerial pollen traps at 

Marion Lake have shown that pollen production extends from early-February until late-

September in the region (McLennan and Mathewes 1984).   Pollen samples are collected 

using rotation-impaction samplers running continuously over 24-hour periods at a 10% 
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duty-cycle (one minute of sampling, nine minutes of standby) and counted using optical 

microscopy. A large number of pollen grains are collected using this method, and the 

time required to identify individual pollen grains is quite high.  To increase the speed 

with which pollen counts are generated a minimum of 25% of the sample area is 

subsampled at random and the number of particles is tallied (as well as total sample area 

observed).  The subsampling method has been shown to correlate to the entire sample 

area with an r value greater than 0.95 (Coates et al., 1992).  Correlations to annual 

climate variables are performed using Pearson product-moment correlation. 

4.3.5 Climate Reconstruction: 

The pollen samples used for climate reconstruction were primarily obtained from 

the British Columbia Modern Pollen Database (Goring et al., 2009), with additional data 

from Gavin et al. (2005) and from the North American Database (Whitmore et al., 2005).  

The dataset contains 480 lacustrine pollen samples, 216 terrestrial samples and 171 

samples from peat or moss polsters.   

Climate normals (1961 – 1990) for sites within the BCMPD and extended dataset 

were obtained using ClimateWNA1, which provides downscaled climate data for western 

North America, incorporating topographic and climatic information to generate climate 

variables of interest at a monthly, seasonal or annual time scale (Hamman and Wang, 

2005; Wang et al., 2006).  For the purposes of this analysis we used Tann and Pann, 

although we recognize that for many ecosystems the seasonality of precipitation and 

temperature are more important than the annual values.  We felt that since the 

                                            
1 http://www.genetics.forestry.ubc.ca/cfcg/ClimateWNA/ClimateWNA.html 
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instrumental record was a composite of several local records, each with missing data, and 

since the confidence intervals for the MS age-depth model span multiple years, 

temperature and precipitation data at a monthly or seasonal scale may not suitable for 

reconstruction analysis. 

Indices for the ENSO and the PDO were obtained from the Joint Institute for the 

Study of the Atmosphere and Ocean (http://www.jisao.washington.edu/, accessed 

November 2010).  The ENSO index is calculated as the average anomaly for sea surface 

temperatures (SST) from 20o north and south towards the equator with respect to the 

period from 1950-1979 minus the average SST anomaly from the region 20oN towards 

the pole.   The PDO index is the leading principle component calculated from variability 

in the monthly SST record for the region from 20oN poleward. 

Pollen-based climate reconstruction uses five methods, MAT (Guiot 1990), 

WAPLS (ter Braak and Juggins), WA (ter Braak and van Dam 1989), NMDS/GAM 

(Goring 2009) and randomForest (Goring et al., 2010; Breiman, 2001).  Each method 

reveals underlying information about the relationship between pollen taxa or assemblages 

and the related climate information.  Because of differences in the model representation 

of the pollen-climate relationship it can be said that no one method is entirely wrong and 

no one method is entirely right.  Based on analysis presented in Goring et al. (2010) Tann 

and Pann reconstructions are performed using both lacustrine-only and mixed (lacustrine 

and terrestrial) datasets. 

Because of recent concerns relating to pollen-based climate models we present 

model calibration statistics for both lacustrine only and mixed datasets (Goring et al., 

2010).  We also account for spatial autocorrelation of model residuals (Telford and Birks, 
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2009) using h-block cross-validation, where all samples within a radius x, determined 

using the range term from a spatial variogram based on model residuals (using the 

function variogram in R package gstat: Pebesma, 2004),  are eliminated from the 

calibration dataset for a target sample. 

4.4 Results: 

4.4.1 The Instrumental Record: 

 

Figure 4.2. Monthly precipitation, detrended by removing the seasonal signal, for the period from 
1869 to 2009 obtained by combining instrumental precipitation records from the lower 
mainland of British Columbia and adjacent northwestern Washington State.  Dashed 
lines indicate the error associated with combining local temperature records.  Inset 
graphs indicate the relative PDO and ENSO indices at an annual scale. 

The precipitation record for the Lower Mainland (Figure 4.2) shows relatively 

high variability, with short periods of either drought or very high precipitation.  There is a 

slight, but significant trend of increasing precipitation in the instrumental record 

(0.8mm/yr, F1,130 = 4.799, p = 0.03, r2 = 0.03), with increasing variability through the 
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smoothed record, peaking in the late 1970 (using a 36 month window to calculate 

variability).  Detrended monthly precipitation has a significant negative relationship to 

the PDO (cross-correlation rt=0 = -0.07, p < 0.05), as expected (Mantua and Hare, 2002).  

The ENSO also shows a significant negative relationship to the smoothed precipitation 

record (cross-correlation rt=0 = -0.07, p < 0.05). 

 

Figure 4.3.  Monthly temperature, detrended by removing the seasonal signal, for the period from 
1890 to 2009 obtained by combining instrumental precipitation records from the lower 
mainland of British Columbia and adjacent northwestern Washington State.  Dashed 
lines indicate the error associated with combining local temperature records.  Inset 
graphs indicate the relative PDO and ENSO indices at an annual scale. 

The temperature record (Figure 4.3) has a significant positive trend (0.012oC/yr, 

F1,117 = 50.17, p < 0.001,r2 = 0.30).  Maximum variability (using a 36 month window) in 

the smoothed temperature record occurs at two points, the late 1910s and the 1950s.  Both 

periods correspond to significant low temperatures in the detrended record (Figure 3.3).  

The detrended temperature record is strongly and positively correlated to the PDO (rt=0 = 

0.40, p < 0.05) and to ENSO (rt=0 = 0.15, p < 0.05).  Relationships between monthly 
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temperature and precipitation and ENSO and PDO in the Lower Mainland are in 

agreement with our understanding of these systems. 

4.4.2 Age-Depth Model: 

The age depth model for the MS core shows a nearly linear relationship (Figure 

4.4) with increasing uncertainty toward the base of the core.  The bootstrapped values for 

the lowest sample (38cm) have a mean date of 1886 and a standard deviation of 7.2yrs.  

Below 30cm in the MS core the 95% confidence interval of the age-depth model extends 

beyond the earliest date for the temperature record.  Although the instrumental 

temperature record extends to 1895, we are unable to compare the instrumental record 

with the lower sections of the core since the confidence intervals for these depths begin to 

lie outside the temperature record toward the core base.  In practice this means that the 

temperature record uses the top 30cm of the pollen core (corresponding to a date of 1905 

± 4.7 yrs) to ensure that at least 95% of the confidence interval for any depth is contained 

within the instrumental record.  The entire precipitation record can be used for this 

analysis. 
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Figure 4.4. Marion Lake age-depth model with error (dashed lines).  The model is an interpolated 
monotone-smooth spline, using four points.  The surface is dated as 1977, the 137Cs 
signal indicates 1965 and the Pteridium spike indicates the initiation of logging in 1930. 
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Figure 4.5. Pollen diagram for the Marion Lake Short Core (MS).



 

 95

4.4.3 Pollen Analysis: 

4.4.3.1 Marion Short Core: 

The pollen diagram for the Marion Lake short core shows two clear zones with a 

rapid transition between them (Figure 4.5).  The lower portion of the core indicates that 

the region surrounding Marion Lake was dominated by Tsuga heterophylla/Cupressaceae 

(likely Thuja plicata) forest with components of Pseudotsuga menziesii.  Logging in the 

region reduced the forest cover and allowed pioneer species such as Alnus and fire-

tolerant Pteridium to increase dominance, as indicated by increases in these taxa at 20cm.  

The rapid increase in Pteridium, starting at 20cm is likely a result of major burning in the 

watershed of Marion Lake. 

This interpretation is supported by constrained clustering (using chclust, package 

rioja for R) which separates the core into two sections, from 38 – 20cm and from 18 – 0 

cm.  K-means (unconstrained) clustering also produces two clusters that are temporally 

constrained, dividing between 16cm and 18cm.  This finding is consistent with the pollen 

analysis since the section from 18 – 16 cm appears to be a transition region that spans 

1933 to 1937 where the site is likely undergoing initial colonization by pioneer species 

following logging, interrupted by frequent small-scale fires. 

The increase in Cupressaceae pollen (likely representing T. plicata) in the most 

modern sediments is likely a result of increasing T. plicata pollen in the region as long 

lived species replace the short lived pioneer species (Alnus rubra, represented by the 

Alnus pollen type) established following logging and fire. It is interesting to note that 

although Pseudotsuga menziesii was replanted around the site following logging the 

proportions never reach higher than 5% of the pollen sum after logging. 
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McLennan and Mathewes (1984) produced estimates of aerial pollen at Marion 

Lake obtained from aerial traps positioned on rafts in the lake.  We find that the pollen 

proportions from aerial traps are strongly correlated to the pollen proportions in the top 

sediment layer (r = 0.948, p < 0.01).  This shows that the effects of 2o deposition within 

the lacustrine basin and transport of pollen into the basin from Jacobs Creek are not likely 

to significantly affect the pollen signal in the MS record by introducing pollen from either 

older sediment, or from higher elevations.  Differential preservation may still affect 

pollen representation in the MS core, however it is not possible to determine the extent of 

this effect from the aerial record. 

A number of pollen taxa show strong correlation to either the temperature or 

precipitation record, however the correlation between the instrumental record and the MS 

record bears no relationship to the correlation between the BCMPD taxa and the climate 

variables associated with the sites (Temperature: F1,28 = 0.344,p = 0.56; Precipitation: 

F1,28 = 0.002, p = 0.96).  Differences in pollen-climate correlations between datasets may 

be the result of large-scale anthropogenic disturbance in the region, meaning that pollen 

responses for individual taxa in the MS core reflect successional changes rather than 

demographic responses to climate, expected to drive relationships in the BCMPD. 

Differences in the pollen-climate relationships may also be the result of mismatch 

between the spatial (BCMPD) dataset, in which pollen responses to climate are driven by 

demography and temporal models of pollen taxon response to climate, driven by 

physiology.  It is also possible that these differences are the result of a combination of 

both factors. 
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When we examine the relationships between proportions of individual pollen taxa 

(post-1920) and monthly precipitation and temperature variables using climate variables 

smoothed according to the age-depth model we find several significant relationships to 

monthly temperature and precipitation (all reported n = 9, p < 0.05).  Artemisia (Jan, r = -

0.657) and Betula (Dec, r = 0.723) are the only two taxa with significant correlations to 

winter temperature. 

Spring temperatures are significantly correlated to Cyperaceae (Mar, r = 0.680) 

and Rosaceae (May, r = -0.635).  Correlations to summer temperature exist for more 

taxa, including Cyperaceae (June, r = 0.761), P. menziesii (June, r = 0.682), T. 

heterophylla (June, r = 0.688) and Asteraceae (July, r = 0.668).  All of these correlations 

are positive, likely indicating that higher productivity of the vegetation in the summer is 

positively correlated to pollen production. Only Corylus has a significant correlation to 

fall temperatures (Sept, r = -0.642).  This is a negative correlation and may indicate that a 

warm fall results in higher pollen production for other taxa in the following year at the 

expense of Corylus. 

Precipitation and pollen proportions for the MS record show winter precipitation 

is significantly correlated to Alnus (Feb, r = 0.768), Cyperaceae (Feb, r = -0.731) and P. 

menziesii (Dec, r = -0.623).  Alnus rubra is an early flowering species (McLennan and 

Mathewes, 1984) so late winter precipitation may provide an opportunity for early release 

from dormancy, however there is no significant correlation to temperature, as we might 

expect if this is the case.  It may also be that deep snowpacks resulting from winter 

precipitation may inhibit pollen production from other taxa, giving Alnus higher 

proportions relative to other taxa.  This hypothesis is supported by the negative 
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correlation between winter precipitation and pollen production in Cyperaceae and P. 

menziesii.  High winter snowpacks may inhibit pollen production in annual Cyperaceae, 

either by delaying the onset of germination/flowering or by reducing suitable habitat 

through raised water tables in the Marion Lake basin. 

Spring precipitation is significantly correlated to Asteraceae (May, r = 0.720), 

Cupressaceae (March, r = 0.635) and P. menziesii (March, r = -0.643). T. plicata 

pollination occurs very early in the spring, coinciding with periods of high humidity and 

frequent rainfall (Coglangeli and Owens, 1990) and so the positive correlation to spring 

precipitation may indicate a role for precipitation in the onset of flowering in T. plicata at 

the site. 

Summer precipitation shows negative correlations to P. menziesii (June, r = -

0.713; July, r = - 0.813), T. heterophylla (June, r = -0.691) and Cupressaceae (Aug, r = -

0.640).  In general P. menziesii is associated with drier environments in this region, and 

high abundances of P. menziesii pollen have been tied to drier periods of post-glacial 

development in the region (Mathewes, 1973), but relationships to T. heterophylla and 

Cupressaceae require further investigation since these taxa are generally associated with 

higher precipitation regimes. 

Fall precipitation is negatively correlated to Artemisia (Sept., r = -0.802) and 

Cupressaceae (Oct, r = -0.699), and positively correlated to Alnus pollen production 

(Nov, r = 0.742), again, likely an artifact of reduced pollen production in other taxa. 

Several pollen taxa correlate to ENSO and PDO indices.  Acer (r = -0.756), Alnus 

(r = -0.952) and Salix (r = -0.904) all show significant negative correlations to the ENSO 

record while Picea (r = 0.976), Taxus (r = 0.732) and T. heterophylla (r = 0.762) all have 
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a positive correlation to ENSO.  Acer, Salix, Picea and Taxus are all rare taxa within the 

core (only Picea has proportions > 1%), meaning the correlations may be sensitive to 

count error (Maher Jr., 1972).  The PDO index is positively correlated to Picea (r = 

0.697) and Taxus (r = 0.808).  No pollen taxon is negatively correlated to the PDO.
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Figure 4.6. Pollen diagram for the aerial record for Vancouver, British Columbia.
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4.4.3.2 Aerial Pollen: 

The aerial pollen record shows no strong pattern of change through the observed 

time period from 1997 to 2010 (Figure 4.6).  Cupressaceae, Alnus and Betula dominate 

assemblages throughout the record with minor components of several other taxa.  

Constrained clustering indicates that 2010 was an exceptional year, likely a result of 

sudden increases in Alnus and Populus, while the rest of the record can be generally 

divided into two sections, from 1997 to 2005 and then from 2006 to 2009.  K-means 

clustering indicates a somewhat different picture.  The pollen record for 2010 remains 

exceptional, largely a result of high Alnus pollen loads, but the years 2008, 2006, 2004, 

and 1998 appear to be more closely related than indicated by constrained clustering.  

There appears to be no strong link to climatological phenomena (temperature, 

precipitation or either ENSO and PDO).  This indicates that taxa are not responding to 

climate on short time scales at an assemblage level meaning pollen-based climate models 

based on aerial pollen records may be insufficient to pick up short-term climate 

variations. Total aerial pollen counts are not significantly related to either PDO or ENSO 

indices (both p > 0.05), further supporting this assertion. 

The proportions of several pollen taxa show relationships to precipitation and 

temperature variables (Table 4.3), either for the year of flowering (January to September) 

or to the year prior to flowering (Jan – Dec).  Although there are differences in 

significance between aerial pollen concentrations (measured as absolute counts) and 

proportions, only Artemisia (June temperature) shows a difference in sign between the 

concentration and percent values, so we choose to report results for proportion values.  

Proportion values are meaningful across a range of site, for example in the BCMPD, 
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while basin dynamics, both across a range of sites and through time, may affect 

concentrations. 

June temperature for the flowering year is significantly and positively correlated 

to Artemisia (r = 0.535) and Chenopodiaceae (r = 0.726) pollen production, while 

January and February temperatures are significantly and negatively related to Poaceae (r 

= -0.604) and Populus (r = -0.587) respectively.  These are the only significant flowering 

year relationships for temperature. 

Reasonable flowering year relationships to precipitation exist for months early in 

the year for only P. menziesii (March, r = -0.574; July, r = -0.591).  It would appear that 

very strong relationships between pollen production and precipitation exist for both Acer 

(r = 0.732) and T. heterophylla (r = 0.749) in September of the flowering year, however 

this is long past the period for which pollen is produced in both species in this region 

(McLennan and Mathewes, 1984).  It is possible that these relationships may be the result 

of correlation between September precipitation and other factors affecting pollen 

production, however cross-correlation analysis of September precipitation and other 

monthly temperature and precipitation variables shows no such relationship. 

Correlations between the prior year's precipitation and pollen production shows 

significant relationships between Acer pollen production and January (r = -0.578), June (r 

= -0.776) and July (r = -0.776) precipitation is significant and negative.  Alnus shows a 

negative relationship to the prior year's February (r = -0.640) precipitation as does 

Populus (r = -0.763) and Salix (r = -0.569).  Chenopodiacea pollen production is 

positively correlated to April precipitation (r = 0.554) and negatively to November 

precipitation (r = -0.532) in the prior year while T. heterophylla shows a negative 
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relationship to July precipitation (r = -0.569) and positive relationships to October (r = 

0.543) and November precipitation (r = 0.596).  Undifferentiated Asteraceae pollen has a 

negative relationship to October precipitation (r = -0.604). 

No AP taxa show significant correlations to either the PDO or ENSO, however T. 

heterophylla does show a marginally significant negative correlation to ENSO (r = -

0.512, p < 0.1).  The lack of correlation between taxa in the AP record and the PDO and 

ENSO records is a surprising result given the relationships that exist between the MS 

record and both ENSO and PDO. 
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Figure 4.7. .  Kernel density for pollen percentages from lacustrine sites in the British Columbia 
Modern Pollen Database.  Triangles represent proportions from the Aerial pollen data 
while squares represent samples from the upper 17cm of the Marion Lake short core.  
Closed symbols indicate a significant difference between the BCMPD distribution and 
each respective pollen source.  The direction of the dissimilarity is indicated below the 
taxon name, above the related symbol.  (+) indicates the proportions in the source are 
significantly higher than the BCMPD proportions, (-) indicates the proportions are 
significantly lower and no symbol indicates no difference between the BCMPD and the 
pollen source. 

4.4.3.3 Combined Analysis: 

The pollen taxa that are shared between all three datasets show clear differences 

that can likely be attributed to spatial and temporal effects.  Distributions for shared taxa 

within the BCMPD are significantly different from both aerial and short core records with 

the exceptions of Asteraceae and Chenopodiaceae, which show no significant difference 

between the BCMPD and the Marion Lake Short Core.  All aerial pollen taxa show 

significant differences from the BCMPD (Figure 4.7).  Between the MS and AP, Acer, 

Artemisia, Asteraceae and Populus are the only taxa that show non-significant differences 

(two sided t-test, all p > 0.05) and these taxa all have maximum counts below 1% (with 
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the exception of Asteraceae which rises to 1.4% in the aerial record), indicating that the 

two local pollen sources (AP and MS) have different assemblage characteristics. 

Although there is no overlap in time between the sediment core and the aerial 

pollen data it is clear that there are basic differences between the two sources.  Although 

both records preserve a regional signal of pollen production, only Acer (t26.6 = -0.75, p = 

0.46), Alnus (t31.9 = 0.56, p = 0.58), Asteraceae (t26.6 = -0.56, p = 0.58),  Chenopodiaceae 

(t21.4 = 0.025, p = 0.98), Populus (t26.7 = -0.51, p = 0.61) and Salix (t29.7 = 0.91, p = 0.37) 

are similar in distribution between AP and MS records when comparing only the upper 

portion of the core (the post-logging section) to the aerial pollen data  (Figures 3.5 and 

3.6).  However, Chenopodiaceae is a rare pollen taxon in both datasets, and, although 

Acer is also rare, it appears in all aerial counts and in 50% of the MS samples.  Alnus is 

present in high quantities in both records. 

Other taxa, including T. heterophylla, Cupressaceae, P. menziesii and Poaceae 

(the most dominant taxa after Alnus in the upper sediments of the short core) all show 

significant differences between the AP and MS records.  Significant differences can 

largely be explained by the difference in the time-scale between the two datasets and in 

location. 

The local environments for the MS and AP sources are from a region at the upper 

end of the Tann and Pann range of the BCMPD (above the 68% percentile for Tann and the 

89% for Pann) so their proportions should be more in line with the southern range of the 

BCMPD.  Additionally, we expect that taphonomic processes will drive the differences 

between the AP and MS pollen counts since AP samples have not had time to undergo 

either mechanical or biological degradation during the deposition process.  This may 
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explain the much higher levels of Cupressaceae in the AP record, although Gavin and 

Brubaker (1999) have found high levels of Cupressaceae in soil formations that should 

have undergone significant degradation and the aerial pollen collected by McLennan and 

Mathewes (1981) shows no difference from the lacustrine surface sediments of the MS 

core. 

Major human activity has resulted in recruitment of A. rubra during the period 

under observation in the region.  This recruitment means it is not surprising that both the 

AP and MS records should show higher proportions of Alnus than the BCMPD.  Alnus is 

restricted to the understory of northern and interior forests and is only dominant in 

southern early-successional forests in the region, so a large number of sites in the 

BCMPD will have low Alnus proportions. Acer is also generally limited to the southern 

limits of the BCMPD coverage, and so both MS and AP records should show higher 

proportions of Acer. 

Artemisia, Asteraceae and Chenopodiaceae are all found at high proportions in the 

interior dry sites of the BCMPD which explains why these proportions would be lower in 

the MS and AP records.  High proportions of Poaceae are also expected in these regions 

so it is surprising that the upper MS record should have significantly higher proportions 

of Poaceae than the BCMPD, however this is likely the result of local disturbance around 

the site following logging.  Betula is higher in both the AP and MS records than in the 

BCMPD, likely resulting from regionally high incidences of B. papyrifera in low 

elevation second-growth forests, and possibly, as an ornamental species in the urban 

region near the AP sampling site.
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Table 4.2. : Significant correlations to monthly temperature variables for proportions using the 
Aerial Pollen record (AP) and the Marion Lake Short Core record (MS).  All labelled 
cells contain significant correlations (p < 0.05), and the sign indicates the direction of 
the relationship. 

  Temperature 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Acer                         
Alnus                       
Artemisia         -AP             
Aster undiff. +MS           +AP   +MS     
Betula       +AP               
Chenopodiaceae           +AP -AP           
Corylus                       
Cupressaceae               +MS       
Cyperaceae +AP   +MS       +MS   +AP     
Pseudotsuga                 -MS       
Poaceae                         
Populus -AP               +MS -AP     
Rosaceae +AP               +AP     
Salix   +AP       -MS   +AP         

Tsuga 
heterophylla       -AP +MS +MS     -MS       

Table 4.3. Significant correlations to monthly precipitation variables for proportions using the Aerial 
Pollen record (AP) and the Marion Lake Short Core record (MS).  All labelled cells 
contain significant correlations (p < 0.05), and the sign indicates the direction of the 
relationship. 

Precipitation 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Acer           -AP -AP   +AP       
Alnus   +MS -AP             +AP +MS   
Artemisia               -MS       
Aster undiff.   +AP   +MS               
Betula +AP                       
Chenopodiaceae     +AP +AP             -AP   
Corylus   +AP   +AP                 
Cupressaceae   +MS         -MS   -MS -AP     
Cyperaceae   -MS                     
Pseudotsuga     -MS     -MS -MS     -AP   -MS 
Poaceae   +AP             +AP     
Populus                       
Rosaceae             +MS         
Salix       +AP         +AP     
Tsuga 
heterophylla         -AP -MS -AP             
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4.4.4 Pollen – Climate relationships: 

Analysis of monthly climate relationships between the MS and AP records 

indicate that there is little overlap between monthly temperature and precipitation 

variables and pollen production between the two temporal records (Table 4.2, Table 4.3).  

In general, taxa such as Cyperaceae, P. menziesii and, to a lesser degree Cupressaceae, 

may be said to have similar patterns of pollen-climate relationships, however these are 

generally weak.  Only P. menziesii has strong overlap between AP and MS pollen 

proportions, and that is only for two months of the precipitation record (Table 4.3).  This 

weak relationship between the two records may result from the lack of temporal overlap 

between the two records, or it may be a result of the complex post-depositional processes 

that will affect a sedimentary record such as the MS record.  In addition, the flow into 

Marion Lake may result in the secondary deposition of pollen taxa in proportions that are 

more in line with alpine settings, although previous analysis (McLennan, 1981) has 

shown that this is not the case for the two years (1977, 1978) surveyed.  At the time that 

McLennan sampled in the Marion Lake basin the region was undergoing a period of very 

low precipitation from spring 1976 to fall 1979 which may have resulted in lower than 

normal stream transport of pollen from higher in the watershed, meaning that the match 

between the aerially trapped pollen at Marion Lake and the upper sediment was atypical.  

This hypothesis is supported in part by stream flow data from the Alouette River, into 

which Jacobs creek empties.  The Alouette River shows a trend of decreasing stream flow 
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from 1974 to a record low flow in 19782 (Water Survey of Canada, accessed Jan 28, 

2011) and this is likely mirrored in the stream flow for Jacobs Creek. 

Relationships between pollen taxon proportions and the two major climate 

variables investigated with pollen based climate models (Tann and Pann) indicate that 

although some pollen taxa show close similarities to underlying climate variables 

between depositional environments and temporal scales, others show strong divergences.  

Because of the low number of samples for the aerial pollen records (n = 13) the required 

confidence interval for cross-correlation tests between the temperature and precipitation 

records is quite high (|r| = 0.54).  As a, result few taxa show significant correlations to 

Tann or Pann in the AP record. 

Excluding the aerial pollen record, we find good similarity for correlations to Tann 

between the MS and BCMPD pollen records for Alnus, Asteraceae, Chenopodiaceae and 

Poaceae (Figure 4.8).  These taxa are widespread and are all generally associated with 

warmer temperatures.  For several taxa, including Cyperaceae, P. menziesii and Salix, and 

to a lesser degree Artemisia, we find that correlations to Tann for the BCMPD are opposite 

in sign to those for the MS record.  In general, it can be said that there is a slightly 

stronger agreement between the AP and MS records than between the AP and BCMPD 

records.  Relationships to Tann are more similar across datasets for short-lived species 

such as Asteraceae, Chenopodiaceae and Poaceae than they are for long-lived species 

such as Betula, Pseudotsuga, Cupressaceae and T. heterophylla.  This may indicate a 

                                            
2http://www.wsc.ec.gc.ca/applications/H2O/report-

eng.cfm?yearb=&yeare=&station=08MH006&report=monthly&year=2009 
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mechanism relating pollen proportions for taxa to differences between short-term 

physiological responses to climate and longer term demographic responses.
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Figure 4.8. Correlations between mean annual temperature and pollen taxa for the three pollen sources.  Modern surface samples (box), aerial pollen 
(circle) and the Marion short core (triangle).  Filled symbols indicate significance at p < 0.05.  Error bars represent the 95% confidence 
interval for the correlation value. 
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Figure 4.9. Correlations between mean annual precipitation and pollen taxa for the three pollen sources.  Modern surface samples (box), aerial pollen 
(triangle) and the Marion short core (circle).  Filled symbols indicate significance at p < 0.05.  Error bars represent the 95% confidence 
interval for the correlation value.
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The AP and MS correlations to Pann  are better correlated to one another (r = 0.41, 

n.s.) than either record is to the BCMPD/Pann correlations.  The MS and BCMPD records 

show coherent responses for only Alnus, where both records show a strong positive 

correlation to Pann (Figure 4.9).  In most other cases the correlation values are either close 

to zero for one or the other record, or, as is the case for Betula, Chenopodiaceae, P. 

menziesii, Poaceae and T. heterophylla, it appears that the two records show opposite 

correlations to Pann.  There are serious implications for the ability of pollen-based climate 

reconstruction techniques to generate predictions for Pann in this region if correlations for 

these taxa are in different directions.  The AP record only shows significant correlations 

to T. heterophylla, where the correlation is similar in sign to the MS record. 

4.4.5 Climate Reconstruction: 

Pollen-based climate reconstructions for the MS core were compared against the 

instrumental record using 5 methods.  These methods show varying degrees of success in 

reconstructing the Tann and Pann values as recorded in the instrumental record. 

Model error accounts for an average of 15.5% of the total range of values for 

temperature and only 8.6% of the total range of precipitation values within the pollen 

dataset when spatial autocorrelation is not considered (Table 4.4).  It is clear that spatial 

autocorrelation within the Tann models is of concern, and that true model error is likely to 

reflect the values calculated using the range term from the climate variograms for Tann.  

The Pann models show much less spatial autocorrelation in their residuals and a much 

smaller change in RMSEP when the cross-validated values are calculated.  This may be a 
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result of strong vertical gradients within the dataset with associated orographic patterns of 

rainfall that may result in near neighbors having high residual variability in the Pann 

models, and thus a small range term in the variogram model. 

Table 4.4. Model error for six climate reconstruction models.  Spatial error accounts for spatial 
autocorrelation in the dataset. 

Model Root Mean Squared Error Spatial (MAT) Spatial (MAP) 
 Mean Annual Temperature Mean Annual Precipitation     
 Lacustrine 

Only 
Lacustrine & 

Terrestrial 
Lacustrine 

Only 
Lacustrine & 

Terrestrial 
Range RMSEP Range RMSEP 

MAT 2.10 2.08 441 437 261km 4.16 280km 828 
WA 2.75 2.75 543 534 261km 4.23 280km 807 
WAPLS 2.56 2.62 505 496 261km 5.22 280km 932 
NMDS/GAM 2.60 2.52 492 495 261km 2.64 280km 492 
randomForest 1.94 1.95 450 432 261km 3.02 280km 741 

 

Climate reconstructions indicate that most methods provide relatively poor fit to 

the instrumental record on such a short-term (century scale) basis.  The only significant 

correlation between Pann and climate reconstructions exists for WA using only lacustrine 

samples, however, this is a negative correlation (r = -0.543, p < 0.05).  MAT shows a 

positive correlation to Pann when only lacustrine samples are used, however, MAT, 

randomForest and NMDS/GAM methods all have non-significant positive correlations 

for the mixed datasets.  The lack of strong correlations to the Pann record may be a result 

of the mismatch between pollen-climate relationships for this climate variable, as 

discussed above.There are no significant correlations to the temperature record, either 

using Mixed or Lacustrine-only datasets, however, results for MAT (r = 0.444) and 

NMDS/GAM (r = 0.437) with mixed datasets are marginally significant (p < 0.10) for 

Tann, although only the MAT results (r = 0.449) are marginally significant (p < 0.10) 

when only lacustrine samples are used (Table 4.5). 
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Table 4.5. Correlations between the instrumental record for the Lower Mainland of British 
Columbia and pollen-based reconstructions of climate.  Significant correlations (bold, 
italics, p < 0.05) and marginal significance (italics only, p < 0.10) are both indicated 
here because of the small sample size. 

  MAT WA WAPLS NMDS/ 
GAM 

randomFor
est 

Mean Annual Temperature  
Current 
Year 

Lacustrine only 0.464 0.191 -0.294 -0.266 0.404 
Mixed Dataset -0.021 -0.017 -0.281 -0.270 0.226 

Lag 1 Lacustrine only -0.120 -0.189 -0.153 -0.376 0.172 

Mixed Dataset -0.303 -0.132 -0.237 -0.278 -0.001 

Mean Annual Precipitation  
Current 
Year 

Lacustrine only 0.378 -0.467 0.271 -0.215 0.074 
Mixed Dataset -0.137 -0.509 -0.002 -0.381 0.176 

Lag 1 
Year 

Lacustrine only -0.150 0.052 0.635 -0.072 -0.250 
Mixed Dataset -0.580 -0.008 0.375 0.188 -0.277 

 

It is possible that pollen responses to climate may be lagged by one or a number 

of years if pollen production comes only from new growth produced in the prior year.  

Lagged responses may also occur if lags are the result of the recruitment or extirpation of 

individuals in the prior year (or prior years if the age to maturity of the taxon is longer).  

The record shows no evidence of a lagged relationship between pollen and climate when 

we lag the instrumental record during the smoothing process (Table 4.5). 

If disturbance affected the ability of the pollen based models to reconstruct 

climate then we would expect that reducing the comparisons to the period after the major 

logging occurred might improve the ability of the models to reconstruct Pann or Tann.  

Reducing the time span of comparisons so they include only post-logging samples 

produces no such improvement.  Reducing the dataset size in this way does increase the 

threshold for significance, making such correlations more difficult to distinguish. 
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4.5 Discussion: 

Sedimentary pollen archives reflect the production, deposition and preservation of 

pollen from the regional vegetation.  Studies have shown that pollen production in 

various taxa is related to both precipitation (Quercus: Fairley and Batchelder, 1986, 

Poaceae: Subiza et al., 1992; multiple temperate European taxa: Neilsen et al. 2010) and 

temperature variables.  While we found few correlations between aerial pollen 

proportions and annual variables it is clear that monthly variables in the flowering year 

and in the year prior to flowering do show strong significant correlations to pollen 

production.  In particular, Acer, Chenopodiaceae, P. menziesii, Salix and T. heterophylla 

all had several significant monthly relationships to aerial pollen production.  Given these 

strong relationships we should expect that, provided preservation in sedimentary basins 

does not vary from year to year, preserved pollen should also reflect these relationships 

over time. 

It is important to note that our dataset presented serious limitations to inference.  

The poor dating control on the short pollen core meant that correlations between the 

instrumental record, pollen and reconstructed climate parameters from the core are weak 

and rarely significant.  Developing a higher-resolution pollen record with better 

chronological control would give this study greater strength.  As such we must this study 

these results as a pilot study, indicating potential strengths and weaknesses in the space-

for-time substitution, specific to long lived forests on the Pacific coast of North America. 

Our results indicate that the relationship between aerial pollen proportions and 

sedimentary proportions are complex, and that strong correlations to climate variables in 

the aerial record do not necessarily reflect strong climatic relationships between 
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sedimentary pollen and climate.  This may be a result of differential preservation among 

the taxa, different source areas between aerial and sedimentary basins, different time 

scales, or may result from additional pollen inputs into sedimentary basins from stream 

inflow.  Regardless, it is surprising how few taxa show similar responses between aerial 

and sedimentary pollen records, even among those taxa that are known to have strong 

environmental control based on pollen distribution in the BCMPD. 

The age to maturity of the parent vegetation type is likely to play a strong role in 

determining whether or not pollen based climate models are able to distinguish short-term 

changes in regional temperature and precipitation.  For climate signals to be detected at 

the scale of the assemblage, and thus be detectable through pollen-based climate 

reconstructions, pollen taxa must either respond strongly and rapidly (multiple taxa with 

significant correlations to climate variables), or taxon turnover in the vegetation must be 

such that it can be detected in the pollen record.  This may be the case when many short-

lived taxa (e.g.  herbs and shrubs, generally) account for a large proportion of the pollen 

assemblage and the calibration function responds to relatively small perturbations in their 

proportions. 

One or few taxa within an assemblage may also respond to climate in ways that 

can be recovered through statistical techniques (Brown and Hebda, 2003; Willard et al., 

2005; Barnekow et al. 2007), however, this will apply only to taxa from narrow parent 

vegetation groups (i.e.: the parent vegetation is either one or few taxa with well-defined 

ecological breadth) and may not be universally applicable.   

In the case of the lower mainland of British Columbia, forests are dominated by 

long-lived taxa such as T. plicata, P. menziesii and T. heterophylla.  Even pioneer species 
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that occupy the Marion Lake site following logging and fire, such as A. rubra have 

maximum ages of up to 100yrs (Uchytil, 1989), much longer than the decadal-scale 

climate phenomena that dominate the region.  This means that assemblage-scale changes 

in the pollen profiles in response to PDO or ENSO phenomena are unlikely to be 

detected.  To our knowledge only one study has shown well-resolved ENSO-like patterns 

from proxy pollen data (Liu et al., 2007) as opposed to increased variability related to the 

onset of ENSO conditions at ~4000YBP (Shulmeister and Lees, 1995).  The well-

resolved ENSO-like patterns exists for both total pollen concentration and herbaceous 

pollen taxa (Asteraceae cf. Tubuliflorae) that are likely to respond at an annual scale, 

either as a result of recruitment and mortality, or changes in flower production at an 

annual scale. 

It is possible that pollen production is affected more by extremes in the 

temperature and precipitation record than by annual-scale trends while a particular 

vegetation type dominates the landscape.  In this case it may be that mixing within the 

sediment may obscure sharp changes in pollen production.  Indeed, the broad spatial and 

temporal sampling of modern pollen datasets may also serve to obscure pollen-climate 

relationships on short time scales.  It is possible that differences in pollen assemblages 

from adjacent lakes sampled several years apart may owe some of their differences to 

differences in regional climate over a multi-annual time-scale.  If this is the case, then the 

degree of noise in the modern pollen datasets may be much higher than we have 

previously assumed.  Although the use of climate normals for calibration datasets may 

assist in reducing some of the error that may be associated with multi-annual changes in 
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pollen production, more attention may need to be paid to the variance around these 

normals, values that are rarely reported for calibration datasets. 

Modern pollen databases in many regions also suffer from the effects of decades, 

centuries or millennia of anthropogenic change.  Changes in pollen composition relating 

to human activities extend several thousand years at some localities in Europe (9000ybp 

in Estonia, Poska et al. 2004; 8000ybp Italy, Dreschner-Schneider et al. 2007 and likely 

much earlier in Africa and Asia).  In some regions of North America it is possible to test 

the effect of extensive post-contact landscape modification on pollen-based climate 

reconstructions (St. Jacques et al. 2009), however the detailed weather station data 

required for this analysis is lacking in much of British Columbia. 

Pre-historic human impact before the 1900s appears to be less extensive in 

western North America than elsewhere.  Pollen evidence for landscape modification by 

First Nations people exists in British Columbia where evidence of selective logging near 

a site on Haida G'Waii (formerly the Queen Charlotte Islands) begins approximately 

1000ybp (Lacourse et al. 2007).  Other evidence, including evidence for pre-contact 

management through low-intensity burning in the Fraser Valley (Lepofsky et al., 2005) 

remains cryptic. Even in the presence of pre-contact landscape modification, widespread 

anthropogenic change in the province does not begin until the 1920s with the onset of 

logging operations in the watersheds around Vancouver (Feller, 1977).  The BCMPD 

(Goring et al. 2009) uses a large number of pollen samples from this region, and so it is 

likely that the climate signal from the pollen record may be obscured by this 

anthropogenic change. 
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This study has shown that although pollen-based climate models perform well on 

long time scales, they may be inappropriate for short time-scale climate reconstruction.  It 

is likely that changes in parent vegetation play a much stronger role in determining pollen 

proportions at a site than variations in pollen production resulting from short-term climate 

fluctuations.  In regions where succession occurs at shorter time scales than in the Pacific 

northwest we may see better affinity between pollen records and the reconstructed 

climate using pollen-based climate models.  However the long-lived species in our region 

mean that we are less likely to pick up short-term climate variability from our models. 

It may be possible to improve pollen-based climate reconstructions at short time 

scales by constraining results using either aerial pollen records, or annual pollen 

depositional data (Nielsen et al. 2010), especially if these records can be assembled for a 

number of forest types.  Thus pollen-based climate models might be calibrated using two 

datasets, one sampling parent vegetation types across space, and a second sampling these 

vegetation types over time.  In this way both large-scale and small-scale fluctuations in 

pollen proportions could be used to track climatic change at a site over time.  This 

method is more likely to provide accurate results, but it would be methodologically more 

complex than the current methods of climate reconstruction and requires further 

investigation. 

4.6 Reference list: 

Barnekow, L. and Loader, NJ and Hicks, S. and Froyd, CA and Goslar, T. 2007. Strong 
correlation between summer temperature and pollen accumulation rates for Pinus 
sylvestris, Picea abies and Betula spp. in a high-resolution record from northern 
Sweden. Journal of Quaternary Science.  22:653-658. 



 

 121

Beamish, R.J., C.E. Neville and A.J. Cass. 1997. Production of Fraser River sockeye 
salmon (Oncorhynchus nerka) in relation to decadal-scale changes in the climate 
and the ocean. Canadian Journal of Fisheries and Aquatic Sciences. 54: 543-554. 

Birks, H.J.B., 1995. Quantitative palaeoenvironmental reconstructions. In: Maddy, D., 
Brew, J.S. (Eds.), Statistical Modelling of Quaternary Science Data. Quaternary 
Research Association, Cambridge, pp. 161–254. 

Blaauw, M., Bennett, K.D., Christen, J.A., 2010. Random walk simulations of fossil 
proxy data. The Holocene 20: 645-649. 

Breiman, L., 2001. Random forests. Machine Learning 45, 5–32. 

Brook, G.A., Rafter, M.A., Railsback, L.B., Sheen, S.-W., Lundberg, J.  1999.  A high-
resolution proxy record of rainfall and ENSO since AD 1550 from layering in 
stalagmites from Anjohibe Cave, Madagascar.  The Holocene.  9:695-705. 

Broström, A., Sugita, S., Gaillard, M.-J. 2004.  Pollen productivity estimates for the 
reconstruction of past vegetation cover in the cultural landscape of southern 
Sweden.  The Holocene.  14:368-381. 

Brown, K.J. and Hebda, R.J. 2003. Coastal rainforest connections disclosed through a 
Late Quaternary vegetation, climate, and fire history investigation from the 
Mountain Hemlock Zone on southern Vancouver Island, British Colombia, 
Canada. Review of Palaeobotany and Palynology. 123:247—269. 

Cayan, Daniel R., Michael D. Dettinger, Henry F. Diaz, Nicholas E. Graham, 1998. 
Decadal Variability of Precipitation over Western North America. Journal of 
Climate, 11:3148–3166. 

Coates, L.L., Crompton, C.W., Drouin, M.A., Yang, W.H. 1992.  A pollen grain – fungal 
spore data spreadsheet.  Poster.  Pan-American Aerobiology Association.  
University of Toronto, June 1992.  Accessed: Dec 3, 2010.  
http://www.aerobiology.ca/downloads/PollenGrain-FungalSporesDatasheet.pdf 

Colangeli, A.M., Owens, J.N. 1990.  The relationship between time of pollination, 
pollination efficiency, and cone size in western red cedar (Thuja plicata).  
Canadian Journal of Botany. 68:439-443. 

Daniels, L.D., 2005. Climate and fire: a case study of the Cariboo Forest, British 
Columbia. In: Taylor, L., Zelnik, J., Cadwallander, S., Hughes, B. (Eds.), Mixed 
Severity Fire Regimes: Ecology and Management Symposium Proceedings, 
Spokane, Washington. Association of Fire Ecology MISC03, Washington State 
University, Pullman, WA, November 17–19, 2005, pp. 235–246. 

Dormoy I, Peyron O, Combourieu-Nebout N, Goring S, Kotthoff U (2009) Terrestrial 
climate variability and seasonality changes in the Mediterranean region between 
15,000 and 4,000 years BP deduced from marine pollen records. Climate of the 
Past. 5: 615-632. 



 

 122

Dreschner-Schneider, R. de Beaulieu, J.L., Magny, M., Véronique, A., Simonnet, W., 
Bossuet, G., Millet, L., Brugiapaglia, E. and Drescher, A., 2007.  Vegetation 
history, climate and human impact over the last 15,000 years at Lago dell’Accesa 
(Tuscany, Central Italy), Vegetation History Archaeobotany. 16:279–299. 

Ebbesmeyer, C.C. and R.M. Strickland. 1995. Oyster Condition and Climate: Evidence 
from Willapa Bay. Publication WSG-MR 95-02, Washington Sea Grant Program, 
University of Washington, Seattle, WA. 11p. 

Environmental Health Directorate, H. P. B. 1988. Radiological monitoring annual report: 
Environmental Radioactivity in Canada, 1987. No. H46-2/88-145E. Health and 
Welfare Canada, Ministry of Supply and Services. 

Faegri, K. and Iverson, J. (1975) Textbook of Pollen Analysis. 3rd ed. New York: Hafner 
Press. 295 pp. 

Fairley, D. and Batchelder, G.L. 1986. A study of oak-pollen production and phenology 
in northern California: Prediction of annual variation in pollen counts based on 
geographic and meterologic factors.  Journal of Allergy and Clinical Immunology.  
78:300-307. 

Feller, M.C. 1977.  Nutrient Movement Through Western Hemlock-Western Redcedar 
Ecosystems in Southwestern British Columbia.  Ecology. 58:1269-1283. 

Gavin, D.G., Brubaker, L.B..  1999.  A 6000-Year Soil Pollen Record of Subalpine 
Meadow Vegetation in the Olympic Mountains, Washington, USA. Journal of 
Ecology. 87:106-122 

Gavin, D.G., Brubaker, L.B., McLachlan, J.S., Oswald, W.W. 2005. Correspondence of 
pollen assemblages with forest zones across steep environmental gradients, 
Olympic Peninsula, Washington, USA. Holocene 15: 648-662. 

Goring, S., Lacourse, T., Pellatt, M.G., Walker, I.R., Mathewes, R.W. 2010. Are pollen-
based climate models improved by combining surface samples from soil and 
lacustrine substrates? Review of Paleobotany and Palynology. 162: 203-212. 

Goring, S., Pellatt, M., Lacourse, T., Walker, I., Mathewes, R.  2009. A new 
methodology for reconstructing climate and vegetation from modern pollen 
assemblages: an example from British Columbia. Journal of Biogeography. 36: 
626-638. 

Guiot, J., 1990. Methodology of the last climatic cycle reconstruction in France from 
pollen data. Palaeogeography, Palaeoclimatology, Palaeoecology. 80:49–69. 

Hamann, A., Wang, T. 2005. Models of climatic normals for genecology and climate 
change studies in British Columbia. Agricultural and Forest Meteorology. 128: 
211-221. 

Hansen, J., Ruedy, R., Sato, M., Lo, K. 2010. Global surface temperature change, Rev. 
Geophys., 48:RG4004, doi:10.1029/2010RG000345. 



 

 123

Hare, S.R., Mantua, N.J., Francis, R.C.  1999 Inverse production regimes:  Alaska and 
West Coast Pacific Salmon.  Fisheries.  24:6-14. 

Herzschuh, U., Birks, H.J.B., Mischke, S., Zhang, C., Böhner, J. 2010. A modern pollen–
climate calibration set based on lake sediments from the Tibetan Plateau and its 
application to a Late Quaternary pollen record from the Qilian Mountains. Journal 
of Biogeography 37: 752-766. 

Heusser, C.J, Heusser, L.E., Peteet, D.M.  1985.  Late-Quaternary climate change on the 
American North Pacific Coast.  Nature.  315:485-487. 

Huttunen, P.  1980.  Early land use, especially slash-and-burn cultivation in the commune 
of Lammi, southern Finland, interpreted mainly using pollen and charcoal 
analyses.  Acta Bot. Fennica. 113: 1-45. 

Juggins S. C2 Version 1.5: Software for ecological and palaeoecological data analysis 
and visualisation [program]. Newcastle upon Tyne: University of Newcastle, 
2007. 

Juggins, S. 2009.  rioja: Analysis of Quaternary Science Data.  R package version 0.5-6. 

Lacourse, T., Mathewes, R.W., Hebda, R.J.  2007. Paleoecological analyses of lake 
sediments reveal prehistoric human impact on forests at Anthony island UNESCO 
world heritage site, Queen Charlotte islands (Haida Gwaii), Canada.  Quaternary 
Research.  68:177-183. 

Larocque-Tobler, I., Grosjean, M., Kamenik, C. 2010: Calibration-in-time versus 
calibration-in-space (transfer function) to quantitatively infer July air temperature 
using biological indicators (chironomids) preserved in lake sediments. 
Palaeogeography, Palaeoclimatology, Palaeoecology. DOI 
10.1016/j.palaeo.2010.11.008 

Lepofsky, D., Hallett, D., Lerzman, K., Washbrook, K., McHalsie, S., Mathewes, R.  
2005.  Documenting precontact plant management on the Northwest Coast: an 
example of prescribed burning in the Central and Upper Fraser Valley, British 
Columbia. In D. Deur and Nancy J. Turner (eds.). Keeping it living: traditional 
plant tending and cultivation on the Northwest Coast, Univ. of Washington Press, 
Seattle. 

Lertzman, K.P., and Krebs, C.J. 1991. Gap-phase structure of a subalpine old-growth 
forest. Canadian Journal of Forest Research. 21:1730–1741. 

Liu, K-B., Reese, C.A., Thompson, L.G.  2007.  A potential pollen proxy for ENSO 
derived from the Sajama ice core.  Geophysical Research Letters.  34:L09504. 

Maher Jr, L.J. 1972. Nomograms for computing 0.95 confidence limits of pollen data.  
Review of Palaeobotany and Palynology 13: 85–93. 

Mantua, N. J., and S. R. Hare, 2002: The Pacific decadal oscillation. J. Oceanogr., 58, 
35–44. 



 

 124

Mathewes, R.W. 1973. A palynological study of postglacial vegetation changes in the 
University Research Forest, southwestern British Columbia.  Canadian Journal of 
Botany. 51:2085-2103. 

McAndrews, J. H., Berti, A. A., Norris, G., 1973. Key to the Pollen and Spores of the 
Great Lakes Region. Royal Ontario Museum, Life Sciences Miscellaneous 
Publication, Toronto. Third printing. 64 pp. 

McLennan, D.S., 1981. Pollen Transport and Representation in the Coast Mountains of 
British Columbia. Unpublished M.Sc. thesis. Department of Biological Sciences, 
Simon Fraser University, Burnaby, British Columbia. Supervisor: R. W. 
Mathewes 

McLennan, D.S., Mathewes, R.W. 1984. Pollen transport and representation in the Coast 
Mountains of British Columbia. I. Flowering phenology and aerial deposition. 
Canadian Journal of Botany. 62: 2154-2164. 

Nielsen, A.B., Møller, P.F., Giesecke, T., Stavngaard, B., Fontana, S.L., Bradshaw, 
R.H.W. 2010.  The effect of climate conditions on inter-annual flowering 
variability monitored by pollen traps below the canopy in Draved Forest, 
Denmark. Vegetation History and Archaeobotany. 19:309-323. 

Overpeck, J.T., Webb, T., Prentice, I.C., 1985. Quantitative interpretation of fossil pollen 
spectra— dissimilarity coefficients and the method of modern analogs. 
Quaternary Research. 23:87–108. 

Pebesma, E.J. 2004. Multivariable geostatistics in S: the gstat package. Computers and 
Geosciences. 30:683-691. 

Pojar, J., Klinka, K., Demarchi, D.A. 1991. Coastal western hemlock zone. In D. 
Meidinger,J. Pojar (Eds.), Ecosystems of British Columbia (Chapter 6, p. 330). 
Special Report Series No. 6. Victoria, B.C.: British Columbia Ministry of Forests. 

Poska, A., Saarse, L., Veski, S.  2004.  Reflections of pre- and early-agrarian human 
impact in the pollen diagrams of Estonia.  Palaeogeography, Palaeoclimatology, 
Palaeoecology.  209:37-50. 

R Development Core Team (2010). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing,  Vienna, Austria. ISBN 3-
900051-07-0, URL: http://www.R-project.org. 

Ramsay, J.O., Wickham, H., Graves, S. Hooker, G. 2010. fda: Functional Data Analysis. 
R package version 2.2.1.  http://CRAN.R-project.org/package=fda 

St Jacques, J., Cumming, B.F., Smol, J.P., 2008. A pre-European settlement pollen–
climate calibration set for Minnesota, USA: developing tools for palaeoclimatic 
reconstructions. Journal of Biogeography. 35:306–324. 

Seppä, H., Birks H.J.B., Odland, A, Poska, A., Veski, S.  2004.  A modern pollen-climate 
calibration set from northern Europe: developing and testing a tool for 
palaeoclimatological reconstructions.  Journal of Biogeography.  31:251-267. 



 

 125

Soepboer, W., Vervoort, J.M., Sugita, S., Lotter, A.F. 2008.  Evaluating Swiss pollen 
productivity estimates using a simulation approach.  Vegetation History and 
Archaeobotany.  17:497-506. 

Subiza, J. and Masiello, JM and Subiza, JL and Jerez, M. and Hinojosa, M. and Subiza, 
E..  1992. Prediction of annual variations in atmospheric concentrations of grass 
pollen. A method based on meteorological factors and grain crop estimates.  
Clinical and Experimental Allergy.  22:540-546. 

Shulmeister, J. and Lees, B.G. 1995. Pollen evidence from tropical Australia for the onset 
of an ENSO-dominated climate at c. 4000 BP. The Holocene. 5:10-18. 

Telford, R., Birks, H., 2009. Evaluation of transfer functions in spatially structured  
environments. Quaternary Science Reviews. 28:1309–1316. 

ter Braak, C., Juggins, S., 1993. Weighted averaging partial least squares regression 
(WA-PLS): an improved method for reconstructing environmental variables from 
species assemblages. Hydrobiologia. 269–270:485–502. 

ter Braak, C.J.F., van Dam, H. 1989.  Inferring pH from diatoms: a comparison of old and 
new calibration methods.  Hydrobiologia.  178: 209-223. 

Uchytil, R.J. 1989. Alnus rubra. In: Fire Effects Information System, [Online].  U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research Station, 
Fire Sciences Laboratory (Producer). http://www.fs.fed.us/database/feis/ 
[accessed: 2011, January 5]. 

Wang, T., Hamann, A., Spittlehouse, D., Aitken, S. N. 2006. Development of scale-free 
climate data for western Canada for use in resource management. International 
Journal of Climatology. 26:383-397. 

Whitmore, J., Gajewski, K., Sawada, M., Williams, J.W., Shuman, B., Bartlein, P.J., 
Minckley, T., Viau, A.E., Webb III, T., Shafer, S., Anderson, P., Brubaker, L., 
2005. Modern pollen data from North American and Greenland for multi-scale 
paleoenvironmental applications. Quaternary Science Reviews. 24:1828–1848. 

Willard D.A., Bernhardt C.E., Korejwo D.A., Meyers S.R.  2005. Impact of millennial-
scale Holocene climate variability on eastern North American terrestrial 
ecosystems: pollen-based climatic reconstruction.  Global and Planetary Change.  
47:17-35. 

 Williams, H.F.L., Hamilton, T.S. 1995. Sedimentary Dynamics of an Eroding Tidal 
Marsh Derived from Stratigraphic Records of 137Cs Fallout, Fraser Delta, British 
Columbia, Canada. Journal of Coastal Research.  11:1145-1156. 

Williams, J.W., Shuman, B.  2008. Obtaining accurate and precise environmental 
reconstructions from the modern analog technique and North American surface 
pollen dataset. Quaternary Science Reviews.  27:669—687. 

 



 

 126

5: HOLOCENE CLIMATE AND VEGETATION HISTORY OF 
BRITISH COLUMBIA 

5.1 Introduction 

Quantitative estimates of Holocene climate permit the generation of hypotheses 

that can be used to test past distributions of communities and species, rates of ecological 

turnover and potential dispersal pathways for taxa through time.  This is important for 

understanding regional ecology at time-scales researchers are otherwise unable to 

investigate directly (Willis et al. 2010).  Quantitative estimates of climate can also be 

used to reconstructions of past vegetation in regions where proxy evidence is lacking 

since point estimates of climate reconstructed from proxies can be interpolated in ways 

that categorical data of vegetation cannot.   

Reconstruction of paleovegetation is a high priority target, based on 

Intergovernmental Panel on Climate Change AR4 uncertainties (Schmidt, 2010).  

Estimates of paleovegetation can be used to validate or assess the effects of changing 

climate on vegetation, and can play a role in the development of conservation plans for 

at-risk species and ecosystems (Dawson et al. 2011).  The limited spatial extent of 

paleobotanical and palynological records for British Columbia (BC) complicates a 

regional understanding of Holocene vegetation and climate.  The number of sediment 

cores extracted for pollen analysis is low in BC when compared to other regions in North 

America and Europe.  
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Robust maps of past climate make it possible to test biogeographic hypotheses 

generated from paleobotanical or genetic evidence (Richards et al., 2007).  In the Pacific 

Northwest of North America theories exist for the postglacial spread of a number of taxa 

in the inland and coastal Pacific Northwest (Gavin, 2009; Carstens et al. 2005; 

Rosenberg, 2003).  Testing of hypotheses related to these theories is currently limited to 

localities where fossil records exist.  Mapped climate data (climate surfaces) for the 

Holocene along with the known modern climate tolerances of taxa and past evidence of 

presence or absence can address the limits or extent of climatic adaptation for particular 

species.  This data can also help to inform landscape management decisions based on 

future climate projections for species that may be protected or locally rare (e.g.  Pellatt et 

al. subm).  These surfaces may also be useful for larger scale reconstructions of past 

climate (Bartlein et al., 2010) and for the assessment of inputs into General Circulation 

Models such as changes in albedo resulting from changes in regional vegetation 

(Cheddadi and Bar-Hen, 2009). 

Climate reconstructions in BC include local or limited regional scale quantitative 

reconstructions (Chase et al. 2008, Rosenberg et al. 2004; Marshall et al., 2009; 

Mathewes and Heusser, 1981), or qualitative regional reconstructions (e.g.  Galloway et 

al. 2009; Hebda 1995; Heinrichs et al. 2002).  The last large-scale quantitative climate 

reconstruction that encompassed all of British Columbia used a small number of cores 

and a relatively small number of modern analogues in the region (Viau et al., 2006; 

modern analogue dataset extended in Goring et al. 2008).  The limited number of cores 

and the use of only a single pollen-based climate reconstruction technique (the Modern 
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Analogue Technique, MAT; Overpeck et al., 1985; Guiot, 1990) present severe 

limitations for this region. 

Multi-method approaches to pollen-based climate reconstruction have been 

increasingly used in paleoclimate studies using pollen (e.g.  Brewer et al. 2008; Peyron et 

al. 2011; Dormoy et al. 2010; Feurdean et al., 2008).  The multi-method approach 

compensates for weaknesses of individual transfer function techniques by generating 

reconstructions with differing assumptions and differing responses to individual pollen 

taxa (Birks et al. 2010).  For example, the assumption that pollen taxa have unimodal 

taxon responses along climatic gradients can strongly affect reconstructions using 

Weighted Averaging (WA; ter Braak & van Dam, 1989) when pollen taxa represent 

multiple species, as is the case for Poaceae.  Recent work examining the role of spatial 

autocorrelation in model error (Telford and Birks, 2009) shows that MAT (in particular) 

suffers from violations of the assumption of sample independence.  The multi-model 

approach improves model output since it is possible to examine model outputs for regions 

of agreement and divergence and use these to support or reject the interpretations of past 

climatic change. 

Climate reconstruction using pollen from an individual site poses challenges that 

can be minimized by applying suitable methods.  Choosing high-quality sites (Jacobson 

and Bradshaw, 1981) and counting sufficient numbers of pollen (Lytle and Wahl, 2005) 

can ensure that ecological noise from variable pollen production, the influences of local, 

extra-local and regional pollen and local taphonomic processes is minimized while 

choosing the correct modern pollen dataset can reduce potential taphonomic errors from 

climate reconstruction (Goring et al. 2010).  The production of coherent age-depth 
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models can reduce, or accurately describe the temporal uncertainty (Telford et al., 2004) 

and choosing transfer function options correctly can reduce model error (Gavin et al., 

2003).  Using these techniques can help assure that the level of uncertainty in pollen-

based reconstructions is minimized for individual sites. 

Further complications are introduced when individual reconstructions are 

interpolated across a geographic region.  Davis et al. (2003) apply a 4D smoothing spline 

(latitude, longitude, elevation and time) to climate reconstructions from pollen data to 

interpolate Holocene climates across Europe.  High dimensional smoothing splines 

require many of degrees of freedom so this method is limited to regions with high data 

density.  A number of other spatial interpolation techniques can be used with sparse 

datasets, including inverse distance weighting and variations of kriging.  These methods 

can be modified to allow for a specific spatial-autocorrelation term in model construction. 

Biome classification has previously been carried out using pollen data (Williams 

et al., 2000; Prentice et al., 1996). To avoid undue error it would be preferable to 

reconstruct vegetation classes directly from pollen assemblages obtained from sediment, 

as with methods involving plant functional types (Williams et al., 1998).  Biome 

classification methods have limitations; the number of co-variates influencing vegetation 

make it difficult to interpolate classification data across a landscape since it cannot be 

ordinal. This difficulty is especially prevalent in BC where topographic and climatic 

complexities are high.  The best method to approach vegetation reconstruction in settings 

of high complexity is through climate reconstruction using fossil pollen data, validating 

these reconstructions using vegetation predicted from fossil pollen at individual core 

sites.  Pollen data has been used to reconstruct climate variables with reasonable 
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accuracy.  By interpolating quantitative climate estimates across the region it is then 

possible to generate climate variables that can subsequently be used for the prediction of 

vegetation cover in areas lacking paleoecological proxies. 

Here we aim to generate estimates of Holocene paleoclimate using pollen-based 

climate reconstruction techniques.  By spatially interpolating estimated climate variables 

at discrete time-steps we can apply predictive vegetation models to the set of climate 

variables to generate estimates of paleovegetation.  In this study we produce a number of 

climate reconstructions from pollen using a multi-model approach and interpolate the 

results across the province of British Columbia.  We then generate vegetation 

reconstructions from estimated monthly temperature and precipitation values, calibrated 

using modern vegetation zones and modern climate data.  These climate-based vegetation 

reconstructions are tested against pollen-based vegetation reconstructions at two sites.  

Finally, in 500 year time slices, both climate and vegetation are reconstructed for the 

province and the results discussed. 

5.2 Regional Setting and Climate History 

British Columbia is a large and topographically diverse province (Demarchi et al. 

1990).  The number of modern climate stations is relatively small for such a large region, 

especially when compared to Europe and parts of Asia.  To compensate for this, values 

can be obtained from climate models that interpolate weather station data across the 

region.  One such product is ClimateWNA (Hamman and Wang, 2005).  Using 

ClimateWNA and interpolating climate to a 3.3km2 grid we find that mean annual 

temperature (Tann) in the province ranges from -11.7oC in the extreme northwestern 

corner of the province, to a maximum Tann of 10.4oC along the southwestern coast 
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between Vancouver Island and the mainland.  Annual temperature can be a deceptive 

statistic in a province as diverse as British Columbia since the interior is defined by very 

cold winters and warm summers, that may have similar Tann to mild coastal sites with 

little annual variation when monthly temperatures are averaged.  The province shows a 

significant gradient from west to east of increasing continentality.  The minimum 

difference between summer and winter temperature (9.5oC) is found at the southern tip of 

the Queen Charlotte Islands, while the maximum difference (40.9oC) is found in the 

continental north-east of the province. 

Precipitation shows a similar west to east pattern, with maximum precipitation 

(10,000mm) in the extreme northwest.  Although minimum precipitation (227mm) occurs 

near Ashcroft, BC, in the rain shadow of the Coast Mountains, a second belt of high 

precipitation occurs along the crest of the Rocky mountains, with a second rain shadow 

that extends north into the Peace River basin and south into the Columbia River Basin. 

The province can be divided into nine terrestrial ecoprovinces (Figure 5.1; 

Demarchi et al. 1990; modified in Ecosystems Working Group, 2000) defined by similar 

climate, geology and/or topography (Figure 5.1). 
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Figure 5.1.The ecoprovinces of British Columbia defined by the Ecosystems Working Group (2000).  
The analysis excludes the Southern Alaska Mountains which make up a small part of 
the extreme northwest corner of the province. 

Previous paleoecological studies have identified several significant Holocene 

climate events.  Studies along the BC coast have shown a pattern of higher-than-modern 

summer temperatures (e.g.  0.4oC in the southern Coast Mountains; Mathewes and 

Heusser, 1981; Clague and Mathewes, 1989), and possible dry conditions during the early 

Holocene (11,700 kyr - ~8.9 kyr, all dates calibrated; summary table of coastal studies in 

Galloway, 2009).  Walker and Pellatt (2003) have indicated that the pattern of early 

Holocene warm, dry conditions extends to the interior, and that winter temperatures were 

likely lower than today.  The pattern of warmer summers and cooler winters suggests that 

solar insolation played a large role in structuring early-Holocene temperatures since solar 

insolation at the time was 8% higher than modern (COHMAP, 1988).  Insolation-related 
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climate phenomena highlight the importance of understanding changes in seasonal 

temperature and precipitation for our interpretations of past climate, as seen elsewhere 

(Peyron et al. 2010), and supported in BC by Vance (1987, in Walker and Pellatt, 2003). 

At ~7.8 kyr a time transgressive pattern of declining temperatures and increasing 

precipitation appears across the province, likely tied to the strengthening Aleutian Low 

and a weakening of the Pacific High as summer insolation declined (Walker and Pellatt, 

2003), although Anderson et al. (2005) suggest that the Aleutian Low during the early to 

mid-Holocene would have been weaker than modern and potentially resulted in less 

precipitation to interior sites.  The pattern of relatively rapid cooling in (most) coastal 

sites is not mirrored in the interior, where cooling appears to be more gradual.  This is 

supported by July temperature reconstructions in Rosenberg et al. (2003) and Chase et al. 

(2009) that show gradual declines in July temperatures from an early-Holocene high in 

the interior. 

Changes in regional climate may be associated with the Garibaldi glacial advance 

between 6.95 – 5.62 kyr, although this also seems time transgressive across the region 

(Menounos et al. 2009).  Proxy inferred precipitation appears to increase between 8 kyr 

to ~6 kyr and remain high until modern times, although the timing is not necessarily 

coincident  across the region (Walker and Pellatt, 2003, Shuman et al., 2009, Galloway et 

al. 2009).  Several sites in Washington State reported in Sea and Whitlock (1995) have 

pollen records that indicate warmer and drier conditions ending at ~5.4 kyr when modern 

conditions are established. 

Modern conditions appear to have established themselves throughout BC by ~3.5 

kyr, although evidence of regional fluctuations in climate exist, such as the Little Ice Age 
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at ~0.3 kyr and the Tiedemann glacial advance at ~3 kyr.  The establishment of modern 

climate conditions is supported by the pollen record throughout the region although the 

timing varies somewhat (Galloway et al. 2009; Sea and Whitlock, 1995; Walker and 

Pellatt 2003). 

 

Figure 5.2. Locations for cores (filled triangles) and modern pollen samples obtained from lacustrine 
sediments (filled circles) and terrestrial sources (filled squares). 
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5.3 Methods 

5.3.1 Pollen Data 

Pollen data were obtained from a number of sources.  Both published and 

unpublished pollen records were used for reconstruction (Table 5.1, Figure 5.2).  The set 

of cores from British Columbia was augmented by cores from adjacent regions in the 

Yukon Territory, Alberta and Alaska, Washington and Montana States to ensure that the 

edge effects from interpolation would be minimized.  A number of cores extend into the 

late-glacial (pre-11.7 kyr).  We chose 10 kyr as the end-point for our climate 

reconstruction because most of BC was glaciated at the LGM, and because of the 

evidence for non-analogue vegetation in the early Holocene and late-glacial (Williams 

and Jackson, 2007).  Extending analysis to the late-glacial would have clarified he extent 

of the xerothermic warming at the expense of model accuracy.  Given the possible extent 

on non-analogue conditions for vegetation it would be preferable to examine this time 

period using multiple proxies. 

 

Table 5.1: Sites with sedimentary pollen records used for climate reconstruction in this study. 

Core Name Longitude Latitude 

Maximum  
Age Extent 
(Calibrated) Elevation Citation 

3M Pond -121.23 49.98 >10kyr 1968 Pellatt et al (2000) 
Battle Ground 
Lake 

-122.49 45.8 >10kyr 155 Barnosky (1985) 

Berenden Bog -130.05 56.24 7kyr 121 Clague and Mathewes 
(1996) 

Big Lake -121.45 51.67 >10kyr 1030 Bennett et al. (2001) 
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Core Name Longitude Latitude 

Maximum  
Age Extent 
(Calibrated) Elevation Citation 

Blue Lake -121.49 49.99 >10kyr 381 Mathewes and King 
(1989) 

Boone Lake -119.43 55.57 >10kyr 874 White et al. (1979) 
Buckbean Bog -119.68 49.12 >10kyr 1815 Heinrichs et al. (2001) 
Carp Lake -120.88 45.92 >10kyr 714 Barnosky (1985) 
Crater Lake -120.07 49.18 >10kyr 2204 Heinrichs (1999) 
Crowfoot Lake -116.42 51.65 >10kyr 1940 Reasoner et al. (1994) 
Davis Lake -122.25 46.59 >10kyr 282 Barnosky (1981) 
Dog Lake -116.1 50.77 >10kyr 1183 Hallett (1996) 
Drizzle Bog -132.06 54 1.6kyr 92 Huntley unpubl. 
Eagle Lake -118.17 51.05 9.6kyr 1845 Rosenberg et al. (2003) 
East Sooke Fen -123.68 48.35 >10kyr 155 Brown and Hebda 

(2002)  
Fiddlers Pond -121.41 56.25 7.9kyr 630 Cwynar (1993) 
Kirk Lake -121.62 48.23 >10kyr 190 Pellatt and Mathewes 

(1997) 
Lac Ciel Blanc -122.19 59.51 >10kyr 666 MacDonald and Cwynar 

(1985) 
Lake O'Hara -116.35 51.36 >10kyr 2015 Beaudoin and Reasoner 

(1992) 
Lily Lake -135.4 59.2 >10kyr 230 Cwynar (1993) 
Lost Lake -110.48 47.64 >10kyr 1019 Barnosky (1989) 
Louise Pond -131.76 52.93 >10kyr 487.7 Pellatt and Mathewes 

(1994) 
Maligne Lake -117.61 52.44 >10kyr 1675 Kearney and Luckman 

(1983) 
Marion Lake -123.18 49.55 >10kyr 305 Mathewes (1973) 
Misty Lake -127.26 50.61 >10kyr 70 Lacourse (2005) 
Moraine Bog -124.93 51.33 3.7kyr 891 Arsenault et al. (2007) 
Opabin Lake -116.31 51.34 >10kyr 2280 Beaudoin and Hickman 

(1989) 
Pinecrest Lake -121.43 49.49 >10kyr 320 Mathewes and Rouse 

(1975) 
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Core Name Longitude Latitude 

Maximum  
Age Extent 
(Calibrated) Elevation Citation 

Pixie Lake -124.2 48.6 >10kyr 70 Brown and Hebda 
(2002) 

Porphyry Lake -123.83 48.91 >10kyr 1100 Brown and Hebda 
(2003) 

Pyramid Lake -129.83 58.88 >10kyr 1606 Mazzucchi et al. (2003) 
Pyrola -127.7 50.18 >10kyr 502 Hebda (1997) 
Raspberry Bog -130.84 57.48 8.1kyr 803 Mathewes unpubl. 
SC1 Pond -131.91 52.72 8.0kyr 457.2 Pellatt and Mathewes 

(1997) 
Skinny Lake -130.1 57.6 >10kyr 915 Spooner et al. (2002) 
Snowshoe Lake -120.67 57.45 >10kyr 900 Macdonald (1984) 
Spillway Pond -130.07 56.24 1.1kyr 854 Clague and Mathewes 

(1996) 
Spring Lake -119.58 55.51 >10kyr 835 White et al. (1985) 
Sulphur Lake -137.96 60.95 >10kyr 847 Lacourse and Gajewski 

(2000) 
Surprise Lake -122.56 49.33 >10kyr 540 Mathewes (1973) 
Toboggan Lake -114.6 50.77 > 10kyr 1480 MacDonald et al. (1987) 
Tonquin Creek -118.37 52.73 >10kyr 1935 Kearney and Luckman 

(1983) 
Twin Lakes 
(Cawker) 

-119.72 49.32 0.6kyr 898 Cawker (1983) 

Twin Lakes 
(Hazell) 

-116.33 50.75 >10kyr 1100 Hazell (1979) 

Two Frogs -127.53 51.11 >10kyr 4 Galloway et al. (2009) 
Walker Lake -124.01 48.53 >10kyr 971 Brown and Hebda 

(2003) 
Watchtower Basin -117.08 52.78 9.4kyr 2261 Luckman and Kearney 

(1986) 
Whyac Lake -124.84 48.69 >10kyr 30 Brown and Hebda 

(2002) 
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The modern surface pollen data if from the British Columbia Modern Pollen 

Dataset (BCMPD) described in Goring et al. (2010).  This dataset consists of 863 pollen 

samples, including 483 lacustrine samples and 215 terrestrial samples (Figure 5.2).  For 

each modern pollen sample climate normals (1961 – 1990) were obtained from 

ClimateWNA based on site latitude, longitude and elevation data.  The use of lacustrine 

and terrestrial samples is described below.  All spatial data in this study are rasterized to a 

3 x 3 km resolution using the BC Albers projection. 

5.3.2 Ecozone Classification: 

The Government of British Columbia defines vegetation zones within the borders 

of the province using two systems.  Biogeoclimatic zones (BGC; Meidinger and Pojar, 

1991) were established to describe the major vegetation zones within the province, 

subdividing them into sub-zones based on climatic variables and vegetation assemblages.  

The Broad Ecosystem Inventory (BEI; Ecosystems Working Group, 2000) expands the 

BGC system to the southern border of Washington State, east into Alberta and north to 

61oN latitude. There are 29 recognized BEI zones within provincial boundaries 

(identified in bold, Table 5.2) and 32 terrestrial zones.  Ocean and Large Lake zones are 

also defined but these are exclusively geographic.   

The complexity of these systems is a result of a combination of biogeographic 

features within the province.  The strength of the BEC and BEI systems is their fine scale 

across elevation gradients, which allows separation of plant associations in valleys from 

those in alpine regions.  This classification is particularly useful since we are primarily 

interested in the expansion and contraction of vegetation types that might be sensitive to 

changing climates.  Since a number of BGC zones are truncated by political boundaries, 
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the BGC system is also not entirely satisfactory, leading us to select the BEI system for 

further analysis. 

Two models are used to predict BEI zones.  The first model predicts the 

vegetation assemblages associated with the BEI zones directly from the pollen 

assemblages, calibrated using the BCMPD. The second predicts vegetation from climate, 

calibrated using ClimateWNA data for the region.  Both models use random forest 

classification (randomForest in R package randomForest; Liaw and Weiner, 2002) to 

predict BEI zones at a given location. 

The pollen-based vegetation prediction model uses either lacustrine pollen 

samples only (n = 483) or all modern pollen samples (n = 863).  The climate model is 

calibrated using monthly temperature and precipitation variables from 50000 cells within 

the region of interest, sampled with a probability inversely proportional to the zone size 

to ensure relatively equal sampling of zones.  Monthly temperature and precipitation 

values were chosen because these are the primary variables returned by ClimateWNA 

(other variables are calculated from these monthly values), accurate error estimates are 

available for these values and these values are useful for other applications, so 

reconstructing these values in our pollen-based climate models provides secondary utility. 

Table 5.2: Ecozones in the region of interest, defined by the Broad Ecosystem Inventory (Ecosystems 
Working Group, 2000) 

Short Name 

Area  
(BC Area) 
1,000km2 

Pollen 
Samples  
(Lacustrine) 

October 
Precipitation 

November 
Temperature 

AB Sub-Arctic 
Boreal 

25.6 (0) 0 31 -12 

AC Coastal Alpine 97.5 (75) 31 (19) 598 -6 
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Short Name 

Area  
(BC Area) 
1,000km2 

Pollen 
Samples  
(Lacustrine) 

October 
Precipitation 

November 
Temperature 

AI Interior Alpine 69.8 (55.5) 19 (1) 131 -7 
AP Aspen Parkland 59.6 (0) 3 18 -5 
AT Alpine Tundra 68.8 (56.3) 2 (2) 106 -11 
BS Boreal Sub-

alpine 
140.5 (105.5) 11 (11) 58 -11 

CD Coastal Douglas 
Fir 

17 (3) 26 (9) 97 6 

CH Coastal Western 
Hemlock 

46.3 (22.5) 65 (28) 195 4 

CS Coastal Spruce 4.9 (0) 8 (3) 227 7 
FB Foothills Boreal 154.7 (87.1) 3 (3) 30 -7 
HB Boreal Highlands 22. (0)  28 -12 
IC Western Interior 

Redcedar 
24.8 (7.8) 11 (8) 59 -1 

ID Interior Douglas 
Fir 

97.2 (51.4) 34 (15) 36 -1 

IG Interior Grand Fir 14.3 (0) 7 (5) 58 0 
IH Interior Hemlock 54.9 (45.7) 4 (4) 74 -3 
IS Interior Sub-

alpine Forest 
228.8 (183.4) 87 (27) 96 -6 

IT Interior 
Transition 
Hemlock 

11.1 (11.1) 6 (6) 118 -3 

MB Mountain Boreal 62.6 (56.5) 14 (12) 45 -10 
MH Mountain 

Hemlock 
60.6 (38.5) 33 (21) 443 -1 

MS Montane Spruce 35.6 (29.2) 15 (4) 47 -3 
NB Northern 

Maritime Boreal 
0.7 (0.7) 25 (14) 212 -4 

NH Northern Coastal 
Hemlock 

67.6 (31.9) 11 (4) 429 2 

PB Parkland Boreal 114.5 (51.5) 4 (4) 23 -7 
PP Ponderosa Pine 15.7 (3.6) 9 (3) 31 1 
PS Pacific Silver Fir 71.7 (58.7) 104 (49) 370 1 
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Short Name 

Area  
(BC Area) 
1,000km2 

Pollen 
Samples  
(Lacustrine) 

October 
Precipitation 

November 
Temperature 

RF Rough Fescue 
Prairie 

53.1 (0) 15 (10) 21 -2 

SB Sub-Boreal 
Spruce 

104.1 (103.8) 18 (16) 63 -5 

SG Shortgrass Prairie 48.1 (0)  13 -3 
SP Sub-boreal Pine-

Spruce 
24 (24) 13 (2) 38 -4 

SS Sagebrush Steppe 24.4 (2.5) 41 (37) 16 3 
TB Taiga Boreal 

Transition 
119 (75.7) 2 (2) 27 -12 

UB Mid-boreal 
Upland 

219.1 (18.1) 1 27 -9 

WO White Oak 
Woodland 

1.3 (0)  41 3 

WP Wheatgrass 
Prairie 

53.5 (0) 2 (1) 15 -1 

WS Wheatgrass 
Steppe 

47.3 (3) 42 (30) 22 2 

 

5.3.3 Climate Reconstructions 

Pollen-based climate reconstructions are based on five methods.  Reconstructions 

use MAT (squared-chord distance; neighbours: n = 10), WA (with inverse de-shrinking), 

WAPLS (five components; ter Braak & Juggins, 1993), randomForest (Breiman, 2009; 

Goring et al., 2010) and NMDSGAM (Goring et al. 2009).  Goring et al. (2010) indicate 

that improvements in model performance can be gained by examining model output using 

either lacustrine-only or terrestrial and lacustrine samples in the output model.  The effect 

of substrate is taken into account during the climate prediction steps. For each monthly 

climate variable we reconstruct climate from one pollen dataset using only lacustrine 
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samples, and one using all pollen samples.  These reconstructions are cross-validated 

using a leave-n-out procedure described in Peyron et al. (2011), where the model RMSEP 

is bootstrapped (n = 100) using a calibration dataset size that is a uniform random 

variable from 1 to 50% of the total dataset size.  This allows us to generate cross-

validated RMSEP values with uncertainty and to see if there is an asymptotic increase in 

RMSEP for the model, allowing us to judge the potential effects of non-analogue cases 

on the model output. 

A significant problem in reconstructing climate from pollen is the presence of 

non-analogue assemblages.  If a pollen assemblage extracted from a sediment core has 

few or no close analogues in the modern reference set it is likely that the climate 

prediction will have a higher error.  To assess the extent of non-analogue climates in the 

pollen obtained from the core dataset we test nearest neighbour distances using squared-

chord distance (Overpeck et al. 1985) and we generate an MDS ordination (isoMDS in 

the MASS package for R; Venables and Ripley, 2002) to determine if there are core 

samples outside the convex hull of the ordinated modern pollen dataset. 

We also test for spatial-autocorrelation of the model residuals (Telford and Birks, 

2009).  By fitting variograms to model residuals we can estimate the range of the 

variogram model and cross-validate model error using h-block sampling (Telford and 

Birks, 2009).  We do not report r2 for our model outputs since it is often the case that both 

high and low values along a climate range suffer from greater error than values in the 

centre of the range, meaning it is not possible to fit a linear relationship to the model 

error.  Since our error reporting is quite extensive we feel that RMSEP, both as an 



 

 143

absolute value and expressed as a percentage of the range of the climate variable of 

interest, provides a good guide for the reader. 

For each variable, using each of the five models, an optimum parent dataset is 

determined (either lacustrine or mixed).  Interpolated values of each monthly temperature 

and precipitation variables for each core are calculated at 500 year intervals within the 

date range of the core using a smooth spline (smooth.spline in the package stats for R) 

with knots at each calibrated age in the age-depth model.  Each knot represents the center 

of one of the constituent basis functions within the spline. 

The climate reconstructions are interpolated in space across the surface of the 

province using kriging (krige in package gstat for R).  Other methods have been used for 

interpolation (Viau et al. 2006, Davis et al. 2003), largely in regions with much higher 

sampling density than in BC.  Because of the uneven sample distribution and a relatively 

small number of samples in BC, especially relative to the European study of Davis et al. 

(2003), we chose to use kriging as the basis for spatial interpolation of the climate 

variables.  Kriging allows the use of a spatial-covariance term that can be used to 

constrain the interpolations, and generally reduces the extent of edge-effects when 

compared to GAM models using thin-plate splines.  The variogram model used to assess 

the spatial structure of the variable of interest was calculated using the vgm command in 

the gstat package for R (Pebesma, 2004) for each of the monthly temperature and 

precipitation variables. 

The province was divided into eco-provinces (Figure 5.1) to help examine the 

results of climate reconstructions.  The positions of the ecoprovinces should be invariant 

during the Holocene since they are largely defined by geographic features.  For each 
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climate variable we test the average anomaly across all five models for each of the 

ecoprovinces and look for regional patterns of change in climate.  To assist in analysis we 

used functional Principle Components Analysis (fPCA using pca.fd in the fda package for 

R; Ramsay et al., 2011). 

5.4 Results 

5.4.1 Age Depth Models 

The age depth models were constructed for all pollen cores using the modern 

sample (set as the date of collection) and a minimum of two date constraints. In practice 

this means that several cores in British Columbia, including Testalinden Lake (Heinrichs 

et al., 2001), ShangriLa Bog (Pellatt) and Dunbar Lake (Hazell, 1979) were excluded 

from analysis.  Age-depth model construction uses a monotone-smooth spline, requiring 

age to decrease with depth, thus avoiding date inversions (Enters et al., 2006).  It is clear 

that sample resolution for sedimentary archives varies considerably (Figure 5.3).  Some 

sites have very high resolution across the sedimentary record (Moraine Bog, Dog Lake, 

all references in Table 5.1); some cores have high resolution in particular regions of the 

core (Buckbean Bog), and some have relatively low resolution throughout the record 

(Opabin Lake).  Most cores have at least a single sample within each 500 year time 

period, at least until the base of the core.  Several cores do show gaps (Big Lake, 

Crowfoot Glacier, Eagle Lake, Skinny Lake), resulting from low sampling density or 

high sedimentation rates, especially in the basal sections of the cores.  The probability 

curves for the 14C calibrations does extend into some of these age-ranges, possibly 

reducing this effect.  This comparison indicates that a temporal resolution of 500 years is 
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likely to be appropriate for our regional reconstruction since most cores contain one or 

several samples in each 500 year interval.
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Figure 5.3. Calibrated ages for pollen samples from sediment records used in this study.  Each row represents a core and dots indicate estimated ages 
sampled in the core.  Darker cells indicate higher probability that a date range is sampled.
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5.4.2 Vegetation Reconstruction 

Two vegetation classification models were constructed using randomForest to 

relate pollen taxa from modern pollen assemblages to the parent vegetation type, defined 

by the biogeoclimatic zone within which the samples were collected.  One model used 

only lacustrine samples, and the second model used all modern pollen samples, regardless 

of depositional environment.  The lacustrine-only model has a higher rate of error 

(49.0%) than the mixed model (all: 47.3%, lacustrine samples only: 33.9%).  A third 

model using randomForest related modern climate data to vegetation zones.  The 

vegetation model based on modern climate normals predicts vegetation zones with a 

bootstrapped error of 19.6%. 
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Figure 5.4. Cluster dendrograms (complete linkage) representing confusion rates for BEI zones in 
each of the climate and pollen-based vegetation classification models using combined 
zones. Zones with shorter linkages are more commonly confused.  There are more 
zones in the climate-based BEI model since climate data is available for more BEI 
zones.  Zones WO, SG, HB and AB have no pollen assemblages for use in the predictive 
model. 

 
Adjacency, or proximity to an adjacent vegetation zones is a large source of error 

in the climate based vegetation model.  The confusion rate of for climate-based BEI zone 

prediction (Figure 4.4) and the adjacency rate (using Queen's Distance) of BEI zones 

across all raster cells is highly correlated (rmantel = 0.87, p < 0.001).  This relationship is 

not surprising, vegetation zones are defined with abrupt transitions, while climate 

variables grade along elevation or geographic gradients.  Some of the error associated 



 

 149

with adjacency may also be a result of mapping errors, or errors resulting from rasterizing 

the BEI vector map to gridded cells for use with the climate data. 

The confusion matrices for the pollen-based and climate-based vegetation models 

are significantly correlated but the correlation is relatively low (rmantel = 0.38, p < 0.01).  

This indicates that zones with high confusion rates for one model type generally have 

higher confusion rates in the other model, although this is not consistent across all zones.  

It is likely that this is related in part to the number of sample sites within each zone.  

Sampling of zones in the climate-based model is related to the area of the zone, so zones 

with large coverage are likely to have greater certainty.  Sampling for the pollen-based 

model is related to sampling effort, and so several zones that cover a large area are 

undersampled with respect to zone area, and are likely to have higher confusion rates 

than those in the climate-based model. 

To reduce error it is possible to combine zones that are frequently confused, or 

have similar climatic variables.  In particular the AI and IS zones show high rates of 

confusion for one another in both the climate and the pollen-based vegetation models.  

The dry SS and WS zones and the coastal PS and MH zones also show high rates of 

confusion.  The model was then fit for both pollen and climate based vegetation using the 

new zones.  The new pollen-based models reduced error for the lacustrine-only model to 

39.9% and the complete model to 39.3% (when predicting lacustrine samples only).  

When applied to the climate-based model the total error rate is reduced to 16.5%. 

We choose the reduced models for both pollen and climate-based vegetation 

reconstructions given the reductions in error achieved by combining these vegetation 

zones.  The random forest model using all samples provides the best predictive power for 



 

 150

lacustrine samples the pollen-based model for the lacustrine samples within the dataset.  

This indicates that pollen assemblages from all depositional environments share sufficient 

information content about their respective zones to overcome differences resulting from 

taphonomic processes. 

When the confusion matrices for the final vegetation models are plotted as cluster 

dendrograms (Figure 5.4), it is evident that the climate-based model shows greater 

certainty in predicting BEI zones than the pollen-based model, since the height of the 

nodes in the dendrogram for the climate-based model are much higher than those for the 

pollen-based model.   It also appears that the latent predictive factors used in the climate 

and pollen models are distinct.  Zones that are most easily confused in the climate-based 

model (Figure 5.4a: AT and BS, ID and PP) are more easily confused in the pollen-based 

BEI model (Figure 5.4b: AT is confused with PB and SB, not BS).  The same is true for 

the pollen-based model: zones that are commonly confused in the pollen-based model 

such as SS and WP and zones AI and UB are less commonly confused in the climate-

based model. A larger pollen dataset may improve the prediction ability of the pollen-

based model.    Should more data become available we expect, at minimum, that the 

terminal nodes of the pollen-based dendrogram should increase in height, indicating 

greater certainty for each BEI zone. 

5.4.3 Climate Reconstructions 

5.4.3.1 Climate Models 

Leave-n-out cross-validation indicates reconstruction errors on the order of 1.8 to 

4.1oC for monthly temperatures and 19-131mm for precipitation.  These errors account 

for between 7 to 17% of the total range of the climate variables (Figure 5.5).  Error rates 
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are within the range expected from pollen-based climate reconstruction, especially given 

the low taxonomic resolution of many of the dominant pollen taxa (e.g.  Cupressaceae, 

Poaceae, Pinus, Picea) in the region.  Uncertainty in the temperature reconstructions 

appears to be highest in spring and fall.  These months have the lowest ranges of 

temperatures and may indicate a weaker role for these monthly variables in structuring 

vegetation communities in this region.  Precipitation error is highest in November and 

lowest in August, which may reflect the relative importance of these monthly 

precipitation variables in influencing regional vegetation.  August and November are also 

the months with the lowest and highest range of precipitation values, at least within the 

late-summer/early winter months.  Other months with a low range of precipitation values 

occur during spans with low precipitation.  If there is an effect of variability on model 

RMSEP it is more likely to be apparent in a region where the range of the climate 

variable is much different than the ranges in adjacent months since it is likely that the 

adjacent months will have co-varying effects on regional vegetation and thus, pollen. 
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Figure 5.5. Model error for each of the five pollen-based monthly temperature and precipitation 
models using leave-n-out RMSEP.  The results are expressed as the proportion of the 
total range of the monthly variables across the region. The range of temperature (in oC) 
or log-precipitation (log-mm) values for the month from the BCMPD sites used for 
calibration is shown for each month. 

The RMSEP values for temperature show that MAT and randomForest models 

perform much better than the other three models.  This trend is continued for the 

precipitation data, although the difference is smaller. 

Spatial analysis of the residuals is reported as the range value for the semi-

variogram model examining model residuals.  The range is the point at which the effects 

of spatial-autocorrelation can be said to be less than other sources of variance.  The 

WAPLS model has very high range variables for January, November and December 

temperatures (all range values > 400km) resulting from variogram models that 
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approximate an exponential model.  All other semivariograms could be approximated 

using a spherical model with well-defined range values. 

 

Figure 5.6. Spatial RMSEP for each of the five pollen-based monthly temperature and precipitation 
models using h-block cross validation.  The results are expressed as the proportion of the total range 
of the monthly variables across the region (shown in Figure 5.5). 

 

The spatially calculated RMSEP is relatively stable across all monthly 

temperature variables when expressed as a percentage of the range of temperature values 

for the month (Figure 5.6).  NMDSGAM and WAPLS show the highest error rates, with 

error being higher for summer months than winter months.  WAPLS shows the highest 

error rates for the precipitation models with spatial cross-validation, with all spring 

models showing higher error than other months.  The peaks in WAPLS error for both 
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temperature and precipitation indicate models for which the variogram range was 

extremely high, indicating high spatial-autocorrelation of the residuals for the WAPLS 

models. 

 

Figure 5.7. Extent of non-analogue pollen assemblages in the pollen record used in this study.  The 
pollen data is ordinated using multi-dimensional scaling.  Points represent samples 
within the British Columbia Modern Pollen Dataset (BCMPD) and shaded convex hulls 
represent each individual core.  The inset shows the minimum squared-chord distance 
to the nearest pollen neighbour within the BCMPD for the BCMPD (darkly shaded) 
and the sedimentary record (lighter shading). 
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Climate reconstructions at each site were generated using five methods.  At each 

site we report the correlation and mean squared difference between the reconstruction 

methods as part of our supplementary material.  We attempted to minimize errors 

resulting from non-analogue vegetation conditions by limiting pollen data to the 

Holocene, although it is apparent from NMDS ordination that some core data may suffer 

from non-analogue conditions (Figure 5.7).  These cores include Two Frogs, Surprise, 

Louise Pond, SC1 pond, Moraine Bog, Lac Ciel Blanc, Boone and Snowshoe Lakes.  

Although samples from these cores are beyond the convex hull of the modern pollen data 

(Figure 5.7) only Louise and Two Frogs seem to be considerably beyond the modern 

pollen point cloud.  Indeed, the minimum analogue squared-chord distance for the cores 

is only slightly higher for the cores than for the modern pollen data itself (inset, Figure 

5.7).  Given this, we have confidence that our pollen-based climate reconstructions will 

show only minor effects of non-analogue conditions. 

From the twelve monthly temperature and precipitation reconstructions we 

generated climate surfaces at 500 year intervals for the entire province.  These surfaces 

were generated using kriging, with correlation matrices determined from the modern 

pollen sample sites.  The drawback of this method is that it implies that the spatial-

autocorrelation of the climate variables remains fixed in time, although this may not be 

the case.  Although changing climate systems, such as changes in the Aleutian Low, or 

Pacific High Pressure Systems may change the spatial autocorrelation of climate 

variables the geographic features within the province likely play a strong role in the 

distribution of precipitation and temperature values. Until more provincial scale 

paleoclimate reconstructions are available, uniform autocorrelation of climate variables 
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through time is a reasonable assumption. Two sites were chosen to compare pollen and 

climate-based models for predicting BEI.  Moraine Bog is a high-elevation site in close 

proximity to the Tiedemann glacier.  The pollen record for this site spans only the last 

4000 ybp, but it is sampled at a resolution of ~36 ±12 yr/sample.  Because of its 

proximity to the Tiedemann glacier and the high temporal resolution of the core, Moraine 

Bog should have both high ecological sensitivity and the potential to capture short-term 

fluctuations in local vegetation. 

Big Lake is located in the Central Interior of the province, with a pollen signal 

that is dominated by Pinus (with a mean abundance of 80 ± 12%).  Pinus is dominant in 

both vegetation records and pollen records across the interior, but its abundant pollen 

production means the differentiation of vegetation types using pollen within interior BEI 

zones may suffer.  By using Big Lake and Moraine Bog as sites with which to explicitly 

compare climate and pollen-based BEI reconstructions we can gain a better 

understanding of how the pollen and climate-based models operate, and their similarities. 

 

5.4.4 Local Reconstructions:  Moraine Bog 

By examining the BEI reconstructions from pollen and climate-based models data 

it is apparent that using pollen-based climate reconstructions appears to reduce the 

uncertainty in the vegetation reconstruction.  This is not the case however.  Two factors 

account for this apparent effect, the first is that many more sites are used in constructing 

the climate-vegetation model, meaning that the random forest model has a much better 

ability to discriminate among sets of climate parameters in fitting the climate data to 
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appropriate BEI zones.  The second reason is the fact that the pollen-based vegetation 

model has much more uncertainty in the parent model than the climate-based vegetation 

model.  Because of this it is important to use information from both the pollen and 

climate based vegetation models to inform our interpretation of the results. 

 

Figure 5.8. Probability density (darker colours mean more certainty) for BEI classification models 
using either the average for pollen-based predictions of monthly climate variables, or 
the pollen-based vegetation model. The dashed lines represent the bounds of the pollen 
zones (MB 1 – 5) identified by Arsenault et al. (2006). 

Arsenault et al. (2006) use constrained clustering analysis to identify five pollen 

zones at Moraine Bog (Figure 5.8).  In general, these zones can be detected in the 

vegetation reconstruction both directly from the pollen data, and also from the pollen-
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based climate reconstruction.  Although the BGC zone of the site is MH/ESSF (Arsenault 

2006), BEI mapping indicates that the site lies in the CH zone.  Given the complex 

topography for the region this is likely a mapping error.  The pollen-based vegetation 

model indicates relatively high confidence for MH/AI type vegetation.  AI is defined as 

interior alpine, but AI type vegetation can be found within 20km of the modern Moraine 

Bog site.  Interestingly, the confusion diagrams show that these two sites are not 

commonly confused (Figure 5.8).  This may indicate that Moraine Bog has few 

analogues, even though it is fully within the ordination space of the modern BCMPD 

(Figure 5.7). 

Random forest returns predictions as a set of probabilities for each sample, 

indicating the likelihood that a sample was drawn from a particular BEI zone.  In this 

way we can describe the probability that a sample (pollen or pollen-based climate 

prediction) comes from a particular zone, and we can also discuss other possible zones 

from which that sample was drawn. 

The pollen-based model shows zone MB-1 (3.5 – 2.4kyr) to be relatively stable, 

with some intensification of MH (possible warming, or increased precipitation) at ~3kyr.  

The climate-based model shows similar stability during MB-1, with several shifts 

towards AC.   Zone MB-2 (2.1 – 2.4kyr) is a relatively short pollen zone which shows a 

sudden warming at ~2.4kyr that shows up in both records.  This is followed by cooler, 

alpine-type vegetation in both sets of predictions, leading to warmer conditions at the 

beginning of MB-3. 

Zone MB-3 (1.3 – 2.1kyr) shows a rapid warming in the pollen-based 

reconstruction, from MH to CH, with an interval of cooling (higher AI probabilities)  at 
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~2kyr, while the climate model shows what appears to be the same pattern, although 

biased toward cooler, more moist vegetation (from NH to AC to MH).  At ~1.6kyr a 

second shift occurs, where the probability of ID vegetation increases in the pollen-based 

model, and the climate models show increases in MH vegetation.  This shift towards 

warmer vegetation types is associated with a peak in Pseudotsuga-type pollen at the site. 

The MB-4 zone (0.5 – 1.3kyr) shows transitional AC/MH for the climate model 

and MH/AI for the pollen model.  A pattern of cooling beginning at ~1kyr and continuing 

to the present can be seen in both the pollen and climate-based vegetation models.  AC 

begins to dominate in the climate-based model, while a shift from CH to MH to AI 

occurs within zone MB-4 in the pollen-based model.  This may also indicate some 

drying. 

The most modern pollen zone, MB-5 (present – 0.5kyr) shows the persistence of 

these cooler (and possibly drier) conditions. In the pollen model AI is dominant, with an 

MH component.  The climate model shows the dominance of AC climate.  This shift is 

likely associated with higher Pinus pollen percentages at the site.  The intensification of 

AI and AC in each of the climate and pollen based vegetation models at about 0.4kyr 

may indicate the presence of the Little Ice Age at this time. 
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Figure 5.9. Moraine Bog is located at the center of the plot.  All core sites are indicated using filled 
triangles while BCMPD point sites are indicated using filled circles.  The location of the 
map is indicated on the inset. 

At Moraine Bog the climate-based reconstructions appear to track the pollen-

based reconstruction faithfully.  Since the modern climate conditions at the site are taken 

from a raster cell that is, on average, lower in elevation than the site itself, we expect that 

higher resolution climate data may produce more faithful reconstructions of the pollen 

data.  Higher resolution data may help to distinguish AC and AI zones better, although 

long distance transport may also explain the interior characteristics of the pollen-based 

vegetation reconstruction.  The similarities between the pollen and climate based models 

are important given the lack of close spatial neighbours to Moraine Bog in the BCMPD 

(Figure 5.9).  If further sampling was undertaken in the region it might be possible to 

improve the fidelity of these two models further. 
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5.4.5 Local Reconstructions: Big Lake 

Big Lake is located in the interior plateau of BC (Figure 5.10; also the Continental 

Interior in Figure 5.1).  The climate and pollen-based vegetation reconstructions for Big 

Lake show interesting patterns of change across models and within models (Figure 5.11).  

The dominant zone in the pollen model is expected to be ID, the vegetation zone that the 

site currently occupies, while the climate-based models appear to predict conditions 

closer to the slightly cooler, wetter IH zone. Since there are only four IH sites in the 

BCMPD (Table 5.2) compared to 34 ID and 19 AI sites it is possible that, given more IH 

sites we might find better agreement between the pollen and climate-based vegetation 

models. 

Zones A and B (8.5 – 10kyr) appear to be the most variable of the five zones.  The 

pollen model predicts what appears to be cooling at the base of the model, as the 

probability of ID increases from the drier, warmer WS.  The composite-climate model 

shows warming and increasing moisture.  The repeated shifts between IH and ID in the 

climate model, and between ID and SS/IS in the pollen based model recover similar 

information, a shift along a precipitation gradient.  It is likely that the lack of IH samples 

in the pollen dataset accounts for the failure of the pollen model to recover IH samples.  

The pollen data shows increases in Alnus, Betula and Salix as well as Asteraceae (undiff.) 

in the basal samples, possibly indicating the development of more open boreal-type 

conditions. 
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Figure 5.10. Big Lake is located at the center of the plot.  The core site is indicated using filled 
triangles while BCMPD point sites are indicated using filled circles.  The location of the 
map is indicated on the inset. 

In Zone B (7.5 – 8.5kyr) a sudden intensification of SB occurs in the composite climate-

based model, a signal that is possibly recovered in the pollen based model as well.  The 

shift is likely associated with cooling, corresponding to increases in Alnus and Betula 

pollen at the site (Bennett et al. 2001). 
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Figure 5.11. : Big Lake pollen and composite-climate predictions for vegetation zones.  Darker 
colours indicate greater certainty in the random forest model. 

There is little difference in either pollen or climate models between Zones E (0 – 

3.6kyr), D (3.6 – 6.7kyr) and C (7.5-6.7kyr), although some variability exists.  Evidence 

of cooling in the pollen-based model occurs at 5.1kyr as ID probability decreases and IS 

probabilities increase.  The pollen diagram for Big Lake (Bennett et al. 2006) supports 

this.  The composite climate model also supports this interpretation, with an increase in 

IH probability and a decline in the probability of the warmer ID zone at 5.1kyr. 

The Big Lake pollen record, the pollen-based vegetation model and the climate-

based model all show similar trends.  The climate based model shows less variability 

between vegetation zones than the pollen-based model, which may be explained by 

artefacts in the pollen dataset which contain few IH type samples. 
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5.4.6 Provincial Reconstruction 

The five methods of climate reconstruction show similarities and differences.  

Precipitation reconstructions are more highly correlated to one another than temperature 

reconstructions.  The WAPLS results for temperature will be excluded from the average 

when a multi-method average is calculated since the WAPLS reconstruction for 

temperature variables appears to produce results that do not match well with the other 

method except WA (Table 5.3). 

Table 5.3. Average correlations for climate reconstructions using each of the five methods based on 
monthly climate variables.  Methods used include the Modern Analogue Technique 
(MAT), Weighted Averaging (WA), Weighted Averaging – Partial Least Squares 
(WAPLS), Non-Metric Multidimensional Scaling/Generalized Additive Models 
(NMDS/GAM) and randomForest regression. 

 Temperature Precipitation 
 MAT WA WAPLS NMDS MAT WA WAPLS NMDS 

WA 0.41    0.76    
WAPLS 0.04 0.62   0.81 0.87   
NMDS/GAM 0.5 0.47 -0.03  0.25 0.48 0.25  
randomForest 0.62 0.44 0.04 0.45 0.75 0.78 0.76 0.56 
 

The multi-method average for the monthly temperature variables, across all 

models, indicates different trends for cold-month and warm-month temperatures (Figure 

5.12).  Warm month temperatures decline from an anomaly of 0.2oC and decline to a 

minimum at 8 kyr.  From this minimum the warm month temperatures increase to 6 kyr, 

decline to 4.5 kyr and then increase to 3.5 kyr.  Cold month temperatures decline rapidly 

from 10 kyr to 9.5 kyr and then decline gradually before peaking at 7.5 kyr and again at 6 

kyr.  From 6 kyr temperatures decrease and reach a minimum at 2 kyr. 
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Figure 5.12. Provincial monthly temperatures reconstructed as the average of four pollen-based 
reconstruction methods (MAT, WA, NMDSGAM, randomForest).  Darker colours 
indicate more 'winter' months, lighter colours indicate more 'summer' months. 

 

Cold month temperatures show much higher variability during the Holocene than 

warm month temperatures.  This may be an artefact of the BCMPD, which has a much 

higher range and variance for winter temperatures across the province, allowing a greater 

range of winter temperatures, and greater variability in the predictions.  It is also likely 

that the higher range of winter temperatures is part of the climatological signal of the 

Holocene.  If shifts in winter climate are a response to interaction between the Aleutian 

Low and Pacific High weather systems then these shifts should be of a higher intensity 

than shifts in summer temperatures. 

The precipitation record (Figure 5.13) also shows differences between winter and 

summer months.  Summer precipitation increases almost monotonically from the 

beginning of the Holocene to the present, with a slight peak and decline beginning at ca. 

2.5 kyr.  Winter precipitation reaches a maximum peak at ca. 6 kyr, and then decreases 

and stabilizes until the present. 



 

 166

 

Figure 5.13. Provincial monthly precipitation reconstructed as the average of four pollen-based 
reconstruction methods (MAT, WA, NMDSGAM, randomForest).  Darker colours 
indicate more 'winter' months, lighter colours indicate more 'summer' months. 

Several climatic events occur during the Holocene.  Constrained clustering 

divides the rank-ordered, multivariate climate data into three main regions, a region with 

low annual precipitation and high summer temperatures from 10kyr – 8.5kyr; a region 

with higher winter precipitation and increasing summer precipitation, with higher winter 

temperatures and relatively low summer temperatures, from 8kyr – 5.5kyr and a period 

with relatively stable precipitation but declines in winter temperature from 5 – 0kyr.   

In the early Holocene, low precipitation is coupled with higher summer 

temperatures and lower winter temperatures.  The second climatic phase begins after 8.5 

kyr and culminates at ca. 6kyr, when both temperatures and precipitation, especially 

winter values, peak.  At 2kyr winter temperatures reach a low and summer precipitation 

increases while winter precipitation decreases slightly.    
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5.4.6.1 Regional Precipitation 

Monthly precipitation shows a clear differentiation between summer and winter 

patterns.  Fall, winter and spring precipitation (Figure 5.14, January precipitation in panel 

a) shows a pattern that differs from summer month precipitation.  The mean winter trend 

is for a general increase with a pronounced mid-Holocene mesic period that stabilizes at 

~3.5kyr in all regions.  The Georgia Depression appears to have higher winter 

precipitation during much of the early to mid-Holocene.  The first axis of fPCA 

variability (Figure 5.14c) accounts for 85% of the variation for the January record and 

serves to define the magnitude of mid-Holocene precipitation, isolating the Georgia 

Depression and accounting for a spike in precipitation increase in the Southern Interior of 

the province.  Other records do not show the same strong mid-Holocene mesic period 

based on the pollen-based reconstructions.  The second fPCA axis accounts for only 9.6% 

of total variation but defines a dip in winter precipitation, beginning at  ~3kyr, most 

visible in the Coast and Mountains ecoprovince, but also associated with the Southern 

and Central Interiors. 

For June through September, a general monotonic increase in precipitation can be 

seen with variability between ~6 – 8kyr, followed by a minor drop at 5.5kya and a second 

minor decline at 2kya (Figure 5.14b, July precipitation is shown).  The first fPCA axis 

shows that the major source of variation (61%) is in the magnitude of the anomaly during 

the period of variability between 6 and 8kyr.  The Georgia Depression, Southern Interior 

Mountains and to a lesser degree the Coast and Mountains and Northern Boreal 

Mountains all show increases in the anomalies during this period.  The Sub-Boreal 

Interior, Southern Interior and Central Interior all show a decline in precipitation at this 
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time, or a temporary slowing of the early – mid-Holocene increase in precipitation that is 

visible in the provincial reconstruction.  The second fPCA axis (18% of variance) for July 

temperatures defines the presence of increased precipitation at 5kyr.  This is most 

strongly defined by the Sub-Boreal Interior record, however, even here the feature is a 

minor component of the precipitation history, as indicated by the low variance for the 

second axis. 

 

Figure 5.14. Regional January (a) and July (b) precipitation reconstructed as the average of five 
pollen-based reconstruction methods (MAT, WA, WAPLS, NMDSGAM, 
randomForest).  The fPCA plots accounting for the first two axes of variation in the 
precipitation trends for January (c) and July (d) precipitation use the same symbols to 
indicate the primary eco-provinces of interest in this study. 

5.4.6.2 Regional Temperature 

Temperature also shows a clear separation of winter and summer type patterns 

during the Holocene, although the patterns differ from the precipitation record (Figure 
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5.15).  Winter-type temperatures (October through March; January shown in Figure 

5.15a) generally drop to a minimum by ~8.5kyr from a late-glacial high, but also show a 

local maximum at 6kyr.  Temperatures decline to modern levels from this maximum with 

a second minimum at 2kyr.  The first fPCA axis for January temperature (Figure 5.15c) 

accounts for 64% of the variability across the monthly curves.  This axis shows 

differences in the magnitude of the anomaly during the Holocene, and particularly in the 

early Holocene.  Points with positive first axis positions include the Southern Interior and 

the Georgia Depression.  These sites have high January temperatures (1oC anomaly 

through the early-Holocene for the Georgia Depression, high anomalies at 10kyr and 

again at 7.5kyr for the Southern Interior).  The Northern Boreal and Southern Interior 

Mountains show less variability through the Holocene and have a low first axis fPCA 

position. 
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Figure 5.15. Regional January (a) and July (b) temperatures reconstructed as the average of five 
pollen-based reconstruction methods (MAT, WA, WAPLS, NMDSGAM, 
randomForest).  The fPCA plots accounting for the first two axes of variation in the 
temperature trends for January (c) and July (d) temperature use the same symbols to 
indicate the primary eco-provinces of interest in this study. 

 
The second fPCA axis differentiates regions with rapid early-Holocene cooling 

and those with warming during the early-Holocene.  This accounts for 22% of the 

variability for January temperatures.  The Sub-Boreal Interior, the Southern Interior 

Mountains and the Georgia Depression show strong second axis scores (Figure 5.15c).  

Only the Georgia Depression shows declining temperatures during this interval.  Records 

with positive second axis scores show rapid cooling to 9.5kyr and then relative stability 

until ~8kyr when some warming begins.  All records begin to converge after 6kyr, and so 

this region of the temperature curve is not emphasised in the fPCA axis scores. 
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Temperature anomalies for April through September (July temperature; Figure 

5.15b) show declining mean anomalies from a late-glacial high of ~0.8oC in the Central 

Interior, and 0 – 0.4oC elsewhere.  Zones begin to diverge at 8kyr, but resolve a common 

signal at ~5kyr, remaining relatively stable to the present.  The first fPCA axis for 

summer temperature anomalies accounts for 81% of the variance in the July record 

(Figure 5.15d).  High first axis values indicate a pattern of high early-Holocene 

temperatures that gradually decline to modern conditions.  The Southern Interior, Sub-

Boreal Interior and the Central Interior all show this pattern of temperature change.  The 

Northern Boreal Mountains, Coast and Mountains and the Georgia Depression show a 

high early-Holocene followed by a minimum at ~7kyr.   Temperatures recover from this 

low with a short increase in temperatures in the Georgia Depression at 0.5kyr. 

The second fPCA axis accounts for 13% of the total variance for the July 

temperature record.  Low fPCA axis two values indicate a high peak in the early-

Holocene followed by relatively low mid to late-Holocene July temperatures with a 

minor peak at 6kyr.  Positive values indicate a lower early-Holocene peak for July 

temperatures followed by an oscillating pattern of highs and lows, with peaks at 6, 3.5 

and 1kyr and lows at 7.5, 5 and 2kyr.  This second pattern is largely associated with the 

Georgia Depression, the Southern Interior Mountains, the Sub-Boreal Interior, while the 

other zones follow the first pattern. 
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Figure 5.16. Cluster dendrogram of the percent change in BEI zone extent during the Holocene.  
Greater similarity indicates that the patterns of expansion and contraction for the BEI 
zones are similar during the Holocene.  Zones are abbreviated as in Table 5.2.   

 

5.4.6.3 Regional Vegetation 

Changes in vegetation zones through the Holocene show patterns of change that 

can be associated with climate, particularly precipitation.  Inter-zone correlations of past 

vegetation changes can be clustered, showing four main groups of zones that show 

moderate spatial structure (Figure 5.16).  Functional PCA indicates that two main axes of 

variation account for 87% of the total variation in the patterns of change in vegetation 

zones (Figure 5.17).  The first fPCA axis (55.1% of total variation) divides zones into two 

groups, those that decrease in area during the Holocene and those that increase in area 
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(Figure 5.17b).  Zones, including PB, IT, MB, ID and SS all begin with areas that are 

higher than modern, while CD, SP, IC, IH and UB all have lower than modern areas in 

the early-Holocene (Figure 5.17a). 

 

Figure 5.17. Functional principal components analysis of the change in extent of the BEI zones 
through time.  Ordination plot (a) indicates the relative positions of the BEI zones 
(Table 1) with respect to axis one variation (b). Positive axis one values indicate a 
pattern of change more similar to the curve marked by (+), and negative axis one values 
indicate patterns of change similar to the (-).  The solid line indicates the mean pattern 
of change in extent for all BEI zones.  Patterns of change associated with the second 
axis are shown in panel (c). 

The first PCA axis indicates that the areas of the BEI zones begin to stabilize at 

~4kyr, when the upper (+) and lower (-) curves in the fPCA plots become more similar, 
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although minor variation continues (Figure 5.17b).   The timing of stabilization at ~4kyr 

corresponds to a general stabilization of temperature and precipitation throughout the 

province (Figure 5.14, Figure 5.15).  The zones that begin with smaller areas and 

gradually increase are largely found within the central region of the province (Figure 

5.18), an exception to this is the ID zone that begins with high values (+12% of modern 

extent) and declines gradually to its modern area.  Zones that show declines through the 

early Holocene are in the east and west of the province, while drier zones appear to show 

stronger declines, as might be expected during the Holocene, where precipitation appears 

to increase monotonically with time. 
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Figure 5.18. Functional PCA first axis scores mapped onto the region using modern BEI zones 
(Ecosystems Working Group, 2000).  Darker colours indicate zones that begin with 
large extents and gradually decline in area, while lighter colours indicate zones that 
begin with smaller extents and gradually increase in area. 

Zones CD, AP, PB and MS (among others) remain small through the mid to late-

Holocene, increasing to modern extents only in the last thousand years (low second axis 

scores, Figure 5.17a).  In contrast AT, NB, AC, FB and IT (among others) remain 

relatively large through the mid to late-Holocene, declining in area during the last 2kyr to 

their modern levels (positive second axis scores, Figure 5.17a).  Those low mid-Holocene 

zones are not as clearly arranged spatially (Figure 5.19).  The coastal zones have areas 

lower than modern during the mid-Holocene, as does the SB plateau in the interior.  
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Alternately, the mid-elevation zones in the north and south-central region of the province, 

show higher mid-Holocene extents that decline to modern extents. 

 

Figure 5.19. Functional PCA second axis scores mapped onto the region using modern BEI zones 
(Ecosystems Working Group, 2000).  Darker colours indicate zones that have 
minimums at ~5kyr, following declines from high initial extents and correspond to low 
fPCA second axis scores.  Light colours indicate low initial extents with maximums at 
~4kyr and subsequent declines to the modern coverage. 

5.5 Discussion 

 
Climate reconstructions show a clear pattern of change during the Holocene.  

Temperature reconstructions support an interpretation of an early-Holocene xerothermic 

(Mathewes and Heusser, 1981) as a climatic phase largely controlled by insolation, but 

there is some confusion as to the role of insolation in winter temperatures since several 
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regions show relatively high early Holocene January temperatures that drop rapidly at the 

beginning of the early Holocene, but nevertheless remain above modern January 

temperatures. The change in insolation should affect summer temperatures positively and 

winter temperatures negatively since the axial tilt will bring the Northern Hemisphere 

further away from the sun during winter, but the pattern of early Holocene temperatures 

we see here is not consistent with this expectation. 

If pollen-based temperature interpretations are correct it would suggest the 

weakened Aleutian Low during the early-Holocene allows the penetration of warmer air 

from the Pacific High throughout the winter months, resulting in warmer winter 

temperatures.  This would mean that the effects of the Pacific High served to offset the 

effects of low winter insolation (~8% lower than modern insolation; COHMAP, 1988) 

that might be expected to bring colder winter temperatures in the early Holocene (Walker 

and Pellatt, 2003). 

If, on the other hand, temperature reconstructions are in error, then two possible 

explanations present themselves.  It is possible that the early Holocene pollen 

assemblages are obtained from environments that were continental and dry, which means 

that their modern analogues are pulled from a pool of sites in the Southern Interior and 

Southern Interior Mountains.  If this is the case, than many analogues for sites in the 

north will appear to have warmer than modern winter temperatures in the early Holocene.  

Indeed, the closest five analogues from samples older than 8000 ybp are significantly 

(Student’s t-test; all p < 0.05) further south than  analogues in the last 2000ybp for 11 of 

the 22 cores that span both time-ranges, while only three sample sites have significantly 

more northward analogues in the older samples.  It is also possible that the inherent 
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correlation between modern winter and summer temperatures within the modern pollen 

dataset is strong enough that it masks changes in the correlation structure of annual 

temperatures during the early-Holocene.  If this is the case, then higher summer 

temperatures will result in increased winter temperatures.  Although this may be the case, 

the range of continentality values within the BCMPD should limit the effects of this 

correlation problem. 

Walker and Pellatt (2003) suggest that temperatures on the coast cooled earlier 

than interior sites.  We find evidence that supports this hypothesis. Summer temperatures 

cool briefly during the mid-Holocene in the southern and central interior before rising 

and then falling again to modern levels by ~4kyr (Figure 5.14b). This would produce 

similar patterns to those proposed by Walker and Pellatt (2003).  This is further supported 

by winter temperatures that increased at ~8 kyr to a maximum at 6 kyr, while coastal 

temperatures (except in the Georgia Depression) remain lower. 

An intriguing finding by Heinrichs et al. (2002) shows that chironomid inferred 

temperatures and pollen inferred temperatures are often at odds with one another. This 

suggests that the incorporation of multiple proxies into a dataset such as the one 

presented here may produce less coherent reconstructions, if the processes defining the 

proxy-based reconstructions differ.  Given the differences between chironomid and 

pollen-based interpretations of temperature, it is still likely that a multi-proxy 

reconstruction would be preferable to a single proxy study (Birks et al. 2010; Guiot et al., 

2009).  Multi-proxy studies, using proxies that are likely to have a correlation structure 

with respect to monthly temperatures or precipitation that differs from pollen will allow 

us to detect the accuracy of the monthly scale reconstructions presented here. 
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5.6 Conclusions 

Pollen-based climate models are well known tools for paleoclimate studies, and 

have been shown to produce good fidelity to other paleoclimatic data.  Records for 

British Columbia generated in this study show clear patterns of change for both 

temperature and precipitation during the Holocene.  Temperature records appear to vary 

more than precipitation, and to have greater variability across monthly records.  

Temperature minima for winter temperatures occur at 2 kyr, 4 kyr and 8.5-9.5 kyr and at 

2 kyr, 5 kyr and 7 kyr for summer.  Precipitation reconstructions show a maximum for 

winter precipitation at 6kyr, followed by a gradual decline and stabilization to the 

present, while summer precipitation shows a general monotonic increase to 2kyr, 

followed by a slight decline. 

These records may be improved through the use of multiple proxies, but to 

accomplish this the pollen-based records must be produced for variables that are suitable 

for other proxies.  Chironomid records are useful for July temperatures, and speleothem 

records exist for July temperature and precipitation in British Columbia.  By augmenting 

the pollen-based paleoclimate records for these months with the new data, more accurate 

records of past climate can be generated. 

Pollen-based climate reconstructions show clear patterns in regional climate for 

British Columbia that can be explained in the context of prior paleoclimatic 

interpretations.  The advantage of pollen-based climate modelling is that these qualitative 

explanations for changes can be expressed using quantitative values for precipitation and 

temperature.  These quantitative estimates can then be used in further studies to test 
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climate sensitivity to various forcings, phylogeographic structure or to validate potential 

future responses of species to climate change using paleoclimatic data. 
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6: GENERAL CONCLUSIONS 

6.1 Overview 

This thesis has shown that pollen-based climate reconstruction techniques are 

suitable for Holocene climate reconstruction in British Columbia.  The complicated 

relationships between climate, pollen, depositional environments and the various 

reconstruction techniques presented here give weight to the importance of tuning both the 

dataset used to calibrate the pollen-based climate reconstructions and the calibration 

methods used.  The literature relating to the use and limitations of pollen-based climate 

models continues to develop (Telford and Birks, 2009; Lytle and Wahl, 2005; Birks et al. 

2010; Haslett et al., 2006) and ideas from other model-based approaches will continue to 

enter the pollen-based model literature (e.g. Masson and Knutti, 2011).  The developing 

literature makes it clear that performing pollen-based climate reconstruction requires 

extensive model tuning and dataset development that will increase the complexity of 

future studies.  Given the complexities involved the calibration steps for regional 

analysis, a well-defined examination of model error for a clearly defined region using 

multiple climate reconstruction methods is the necessary first step. 

Researchers must account for the limitations of pollen based climate 

reconstruction if they choose to use them.  Pollen assemblages in the calibration set must 

be comparable to the assemblages used in reconstruction to avoid non-analogue errors, or 

alternate methods must be used (e.g. Gonzales et al. 2009).  Understanding the spatial 

dependence of the pollen assemblage network will allow proper assessment of model 
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error (Telford and Birks, 2009).  Differences in depositional environments can affect 

model error, sometimes increasing error, and other times decreasing error (Chapter 

Three). We find that the maximum age of parent vegetation can affects the reconstruction 

of past climate, potentially masking short-term climate variation in forests where 

vegetation communities are long lived (Chapter Four).  

This thesis presents a pollen dataset suited to climate reconstruction in British 

Columbia, Canada.  The dataset contains pollen assemblages from across a broad region 

and from a large number of vegetation types (Table 5.2), contains samples from a number 

of depositional environments (Figure 3.1) and spans a broad climatic gradient for a 

number of variables (e.g. Figure 3.3).  While this may be perceived as a comprehensive 

dataset for British Columbia, large data gaps exist with respect to the total climate space 

of the province, in particular the Caribou-Chilcotin Plateau (Figure 2.2).  Basic error 

metrics, such as RMSEP using leave-one-out cross-validation, indicate that there remain 

large uncertainties in the pollen-based reconstructions, some of this uncertainty can be 

accounted for by choosing samples from depositional environments that minimize error 

with respect to the model and climate variables of interest.  Ultimately, reconstructing 

Holocene climate history using pollen assemblages does show long-term climatic trends, 

both provincially and within regions, that match with well-established theories of 

Holocene climate change, including empirical estimates of past climate from other 

proxies, including chironomids, plant macrofossils, diatoms and isotopic analysis from 

speleothems. 
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6.2 Major Findings 

Pollen-based reconstructions are appropriate for British Columbia, and the British 

Columbia Modern Pollen Dataset (BCMPD) shows that prediction error rates for monthly 

climate variables ranges between 10 and 20% of the range of the respective variables 

(Figure 5.5).  While high, this error range is suitable for examining trends in Holocene 

climate.  The development of the Non-Metric Multidimensional Scaling/Generalized 

Additive Model for climate reconstruction provides a new tool for climate reconstruction.  

The method performs well when multiple variables are reconstructed (Table 2.2), and to 

have relatively low spatial autocorrelation in initial tests, although further testing shows 

the method to be on par with WAPLS and WA. 

Climate reconstruction methods are shown to be sensitive to sample size and to 

depositional environment (Chapter Three).  This indicates that extending lacustrine 

pollen datasets by adding samples from terrestrial environments may increase error in 

some cases, while reducing it in others.  Changes in error are a result of the underlying 

mathematical properties of the pollen-based climate reconstruction techniques, and the 

way they internalize the pollen-climate relationships.  This finding is significant since it 

indicates that researchers hoping to minimize calibration error should consider the effects 

of depositional environments independently for each model and each climate variable of 

interest. 

When we apply climate reconstruction techniques to long-lived forest 

communities, we find that the space-for-time substitution implicit in the pollen 

calibration datasets fails on short time scales (Chapter Four).  This failure is a result of 

the fact that two processes determine pollen proportions at a site, the proportion of parent 
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vegetation and the physiological changes in pollen productivity of the parent vegetation.  

Physiological changes in pollen productivity dominate short time-scale reconstructions as 

parent vegetation responds to annual or monthly changes in temperature and 

precipitation.  Calibration datasets are dependent on the relationship between vegetation 

and climate based on samples distributed across a broad region, meaning these short-term 

responses go undetected.  Since longer-term climate reconstruction is largely concerned 

with vegetation turnover in response to changing climate, this finding presents new 

avenues of research, rather than a roadblock for pollen-based climate reconstruction. 

Reconstruction of Holocene climate in British Columbia shows changes in 

temperature and precipitation that respond to insolation and the development of climate 

systems in the Pacific.  The pollen-based reconstructions show peaks in regional 

temperature at 10cal. kyr and 6 cal. kyr and a moderate decline at 2 cal. kyr.  

Precipitation shows a general monotonic increase from a minimum at 10 cal. kyr.  

6.3 Future Work 

There are two main avenues for future research.  Further sample collection is 

required to improve calibrations from pollen-based reconstructions primarily in regions 

identified in Chapter Two (Figure 2.2), where climate space is under-represented.  By 

expanding the pollen dataset, it is possible to improve predictions during the Holocene 

and to minimize existing non-analogues in the Holocene pollen record (Figure 5.7).  

Chapter Four results also present the possibility that calibration datasets may be improved 

by adding samples from short pollen records that are associated temperature and/or 

precipitation records.  By adding these pollen assemblages it may be possible to account 

for physiological responses to climate by vegetation at short time scales.  The extent to 
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which this improves calibration and pollen-based reconstruction has yet to be examined.  

Additional work would also need to go into examining how to place these assemblages 

into a calibration dataset given uncertainty surrounding the ages of the samples and the 

temperatures recorded at the sites in the past. 

The second avenue of research would be to expand the climate reconstructions for 

monthly temperature and precipitation values by adding in results from multiple proxies.  

Since the climate variables are added to the kriging model as quantitative values, the 

proxy from which the estimates are obtained is not important.  Given this, it is possible to 

begin to add climatic reconstructions from chironomids, isotopes, dedrochronological 

estimates or other proxies as they become available.  The additions of multiple proxies 

would serve to improve the climate reconstructions by adding more data points, but it 

would also provide a mechanism to test for potential biases between proxies.  Given that 

chironomid assemblages have been shown to respond rapidly to changes in annual 

climate (Larocque et al. 2009), the additions of chironomid assemblages could reveal 

short-term climate fluctuations that would otherwise be undetected in the pollen records 

from long lived forest ecosystems.  The addition of secondary proxies would also allow 

vegetation reconstructions from climate reconstructions to be performed using two 

independent datasets, the climate reconstructions from proxies other than pollen, and 

vegetation reconstructions directly from pollen.  In this way it may be possible to detect 

whether plant species, or vegetation communities have adapted to past climate change.  If 

we detect individual taxa or pollen assemblages outside their modern climate envelopes 

using Holocene climate reconstructions from other proxies we may develop some 

inferences as to their potential to adapt to future climate change. 
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Appendix 1 

Table 1.  The sites representing the modern assemblages contained within the British Columbia 
Modern Pollen Dataset (BCMPD). Acronyms for biogeoclimatic (BEC) zones are as follows: (AT) 
Alpine Tundra; (BG) Bunchgrass; (BWBS) Boreal White and Black Spruce; (CDF) Coastal Douglas 
Fir; (CWH) Coastal Western Hemlock; (ESSF) Engelmann Spruce – Subalpine Fir; (ICH) Interior 
Cedar Hemlock; (IDF) Interior Douglas Fir; (MH) Mountain Hemlock; (MS) Montane Spruce; (PP) 
Ponderosa Pine; (SBPS) Sub-Boreal Pine and Spruce; (SBS) Sub-Boreal Spruce; (SWB) Spruce – 
Willow – Birch. Sample types indicate the sampling substrate: bog (BOG), moss polster (TMOS), 
lacustrine (LACU) or terrestrial (TERR). 

 Site Name Longitude1 Latitude1 
BEC 
Zone2 

Elevation 
(m)  

Sample 
Type Source 

1 Upper Chlorine -122.233 50.433 AT 2210 LACU Pellatt et al. 
(1997) 

2 Stoyoma Tarn -121.333 50.117 AT 2030 LACU Pellatt et al. 
(1997) 

3 Kelly Pond -121.217 50.033 AT 1980 LACU Pellatt et al. 
(1997) 

4 Pellatt Pond -122.633 50.033 AT 2060 LACU Pellatt et al. 
(1997) 

5 Slatechuck 
Mountain -132.233 53.267 AT 885 LACU Warner (1984) 

6 Tiny pool - Nebria 
Lakes area -132.43 53.264 AT 853 LACU Warner (1984) 

7 S-95-3 -120.092 49.18 AT 2184 PEAT Heinrichs (1999) 
8 S-95-5 -120.087 49.182 AT 2183 TMOS Heinrichs (1999) 
9 Shangrila Bog -132.427 53.267 AT 595 TMOS Warner (1984) 
10 S-85-23 -120.204 49.052 AT 2309 TERR Heinrichs (1999) 

11 Kusawak -136.583 59.678 AT 1006 LACU Lacourse, T. 
unpubl. 

12 Spillway Pond -130.067 56.24 AT 133 LACU Clague & 
Mathewes (1996) 

13 Pyramid Lake -129.833 58.883 AT 1606 LACU Mazzucchi (2000) 

14 Pond 3 -129.983 55.917 AT 870 LACU Pellatt et al. 
(1997) 

15 Aqua Incognita -122.167 51.083 AT 1970 LACU Pellatt et al. 
(1997) 

16 S-85-31 -120.21 49.06 AT 2300 TERR Heinrichs (1999) 
17 S-95-1 -120.102 49.184 AT 2156 TERR Heinrichs (1999) 

18 Alpine tarn above 
Shangrila -132.507 53.44 AT 1005 LACU Warner (1984) 

19 S-85-20 -120.202 49.061 AT 2180 TERR Heinrichs (1999) 
20 S-85-22 -120.201 49.049 AT 2369 TERR Heinrichs (1999) 
21 S-85-24 -120.199 49.056 AT 2125 TERR Heinrichs (1999) 
22 S-95-2 -120.091 49.176 AT 2172 TERR Heinrichs (1999) 
23 Richter Marsh -119.65 49.03 AT 442 LACU Cawker (1978) 
24 Twin Lake -119.72 49.32 BG 803 LACU Cawker (1978) 

25 Manson River 
SS217 -124.5 55.97 BG 1050 PEAT 

Mathewes in 
(Whitmore et al. 
2005)3 

26 MacDonald Site 70 -122.183 59.517 BWBS 661 TERR MacDonald 
(1984) 

27 Jackfish -121.51 55.804 BWBS 703 LACU Pellatt, M.G., 
unpubl 

28 Lang -129.74 59.222 BWBS 998 LACU Pellatt, M.G., 
unpubl 

29 Machete -129.797 59.178 BWBS 987 LACU Pellatt, M.G., 
unpubl 
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 Site Name Longitude1 Latitude1 
BEC 
Zone2 

Elevation 
(m)  

Sample 
Type Source 

30 Needlepoint -129.739 59.104 BWBS 763 LACU Pellatt, M.G., 
unpubl 

31 Tea Time -122.694 58.624 BWBS 478 LACU Pellatt, M.G., 
unpubl 

32 Tropical -131.998 59.949 BWBS 850 LACU Pellatt, M.G., 
unpubl 

33 Como -133.677 59.605 BWBS 783 LACU Pellatt, M.G., 
unpubl 

34 Davey Hall -133.71 59.678 BWBS 780 LACU Pellatt, M.G., 
unpubl 

35 Indistinct -129.103 59.911 BWBS 794 LACU Pellatt, M.G., 
unpubl 

36 Lac Ciel Blanc -122.167 59.517 BWBS 651 LACU MacDonald et al. 
(1991) 

37 Hail Lake -129.017 60.033 BWBS 690 LACU Cwynar & Spear  
(1995) 

38 Snowshoe Lake -120.667 57.45 BWBS 900 LACU MacDonald 
(1984) 

39 Bear Flats -121.17 56.25 BWBS 419 LACU 
Mathewes in 
Whitmore et 
al.(2005)3 

40 Fiddler's Pond -121.414 56.253 BWBS 630 LACU White & 
Mathewes  (1982) 

41 Allan -130 58.434 BWBS 750 LACU Pellatt, M.G., 
unpubl 

42 Andy Bailey -122.507 58.549 BWBS 445 LACU Pellatt, M.G., 
unpubl 

43 Big Lake -121.403 55.92 BWBS 692 LACU Pellatt, M.G., 
unpubl 

44 Blue Lakes 1 -129.132 59.829 BWBS 844 LACU Pellatt, M.G., 
unpubl 

45 Blue Lakes 2 -129.145 59.863 BWBS 844 LACU Pellatt, M.G., 
unpubl 

46 Boomerang -128.334 59.935 BWBS 627 LACU Pellatt, M.G., 
unpubl 

47 Cameron -121.907 55.887 BWBS 718 LACU Pellatt, M.G., 
unpubl 

48 Shit Lake -126.435 59.548 BWBS 615 LACU Pellatt, M.G., 
unpubl 

49 Florence Lake -123.508 48.455 BWBS 81 LACU McCoy (2006) 
50 Quamichan Lake -123.667 48.767 CDF 33 LACU McCoy (2006) 
51 Roe Lake -123.25 48.767 CDF 100 LACU McCoy (2006) 
52 PL0-10 -123.516 48.536 CDF 273 TERR Allen et al.(1999) 
53 FL0-10 -123.51 48.513 CDF 193 TERR Allen et al.(1999) 
54 LL0-20 -123.532 48.448 CDF 75 TERR Allen et al.(1999) 
55 S94-4 -123.486 48.463 CDF 88 TERR Allen et al.(1999) 
56 S94-3 -123.486 48.478 CDF 72 TERR Allen et al.(1999) 
57 S94-2 -123.472 48.476 CDF 45 TERR Allen et al.(1999) 
58 S94-1 -123.464 48.469 CDF 100 TERR Allen et al.(1999) 
59 S93-32 -123.343 48.431 CDF 1 TERR Allen et al.(1999) 
60 S93-31 -123.348 48.431 CDF 1 TERR Allen et al.(1999) 
61 S93-30 -123.354 48.433 CDF 1 TERR Allen et al.(1999) 
62 S93-28 -123.362 48.433 CDF 1 TERR Allen et al.(1999) 
63 S93-E -123.312 48.416 CDF 1 TERR Allen et al.(1999) 
64 S93-D -123.318 48.416 CDF 1 TERR Allen et al.(1999) 
65 S93-C -123.323 48.411 CDF 1 TERR Allen et al.(1999) 
66 S93-B -123.327 48.415 CDF 1 TERR Allen et al.(1999) 
67 S93-A -123.334 48.414 CDF 1 TERR Allen et al.(1999) 

68 Mt Douglas -123.33 48.5 CDF 5 TERR Mathewes in 
(Whitmore et al. 
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 Site Name Longitude1 Latitude1 
BEC 
Zone2 

Elevation 
(m)  

Sample 
Type Source 

2005)3 
69 DL0-10 -123.486 48.545 CDF 267 TERR Allen et al.(1999) 
70 S93-29 -123.36 48.427 CDF 1 TERR Allen et al.(1999) 
71 Whyac -124.836 48.692 CDF 30 LACU Allen et al.(1999) 

72 Pixie Lake -124.197 48.596 CWH 70 LACU Brown & Hebda 
(2002) 

73 Misty Lake -127.26 50.61 CWH 70 LACU Lacourse  (2005) 

74 Pinecrest Lake -121.433 49.492 CWH 320 LACU Mathewes & 
Rouse (1975) 

75 Surprise Lake -122.561 49.325 CWH 540 LACU 
Mathewes in 
(Whitmore et al. 
2005)3 

76 Stump -123.123 49.789 CWH 224 LACU Pellatt et al. 
(1997) 

77 Deer Lake -121.674 49.367 CWH 192 LACU Pellatt et al. 
(1997) 

78 Hicks -121.702 49.341 CWH 219 LACU Pellatt et al. 
(1997) 

79 Beaver -127.833 50.533 CWH 10 LACU (Pellatt et al. 
1997) 

80 Susie Lake -131.2 57.8 CWH 1417 LACU Spooner (1994) 
81 Boulton Lake -132.1 53.783 CWH 58 LACU Warner (1984) 
82 Marie Lake -132.325 53.495 CWH 64 LACU Warner (1984) 
83 Miller Ck Pond -131.925 53.367 CWH 2 LACU Warner (1984) 
84 Pond near QC City -132.255 53.358 CWH 146 LACU Warner (1984) 
85 Pure Lake -132.083 53.867 CWH 65 LACU Warner (1984) 
86 Skidegate lake -131.87 53.113 CWH 40 LACU Warner (1984) 

87 Beaver Lake -127.317 50.6 CWH 90 LACU Goring, S.,  
unpubl 

88 Clements -129.903 56.049 CWH 126 LACU Pellatt, M.G., 
unpubl 

89 Dock -128.696 54.615 CWH 165 LACU Pellatt, M.G., 
unpubl 

90 Fairy Lake -123.653 48.585 CWH 356 LACU Goring, S. Unpubl 

91 Oliver -130.272 54.281 CWH 23 LACU Pellatt, M.G., 
unpubl 

92 Onion -128.544 54.313 CWH 148 LACU Pellatt, M.G., 
unpubl 

93 Sgang Gwaay Pond -131.212 52.041 CWH 5 LACU Lacourse et al. 
(2007) 

94 WL-5 -124.86 48.689 CWH 37 TERR Allen et al.(1999) 
95 WL-4 -124.861 48.684 CWH 47 TERR Allen et al.(1999) 
96 WL-3 -124.858 48.687 CWH 32 TERR Allen et al.(1999) 
97 WL-2 -124.859 48.69 CWH 33 TERR Allen et al.(1999) 
98 S83-52 -125.184 48.787 CWH 10 TERR Allen et al.(1999) 
99 S83-51 -125.182 48.798 CWH 20 TERR Allen et al.(1999) 
100 S83-50 -125.181 48.798 CWH 20 TERR Allen et al.(1999) 
101 S91-10 -125.175 48.816 CWH 20 TERR Allen et al.(1999) 
102 S91-9 -125.173 48.807 CWH 20 TERR Allen et al.(1999) 
103 S83-57 -124.079 48.499 CWH 620 TERR Allen et al.(1999) 
104 S83-56 -124.074 48.492 CWH 596 TERR Allen et al.(1999) 
105 S83-55 -124.078 48.49 CWH 610 TERR Allen et al.(1999) 
106 S83-54 -124.076 48.491 CWH 599 TERR Allen et al.(1999) 
107 NL-3 -124.736 48.781 CWH 225 TERR Allen et al.(1999) 
108 NL-2 -124.737 48.778 CWH 86 TERR Allen et al.(1999) 
109 NL-1 -124.729 48.759 CWH 35 TERR Allen et al.(1999) 
110 S95-4 -124.203 48.604 CWH 94 TERR Allen et al.(1999) 
111 S91-2 -124.248 48.497 CWH 201 TERR Allen et al.(1999) 
112 S95-8 -124.156 48.685 CWH 550 TERR Allen et al.(1999) 
113 S95-5 -124.163 48.675 CWH 500 TERR Allen et al.(1999) 
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BEC 
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114 S95-3 -124.173 48.633 CWH 203 TERR Allen et al.(1999) 
115 Mile 11 -123.946 48.587 CWH 418 TERR Allen et al.(1999) 
116 Mile 21.5 -123.798 48.477 CWH 539 TERR Allen et al.(1999) 
117 R8 -123.768 48.667 CWH 811 TERR Allen et al.(1999) 
118 R7 -123.771 48.678 CWH 768 TERR Allen et al.(1999) 
119 S83-16 -123.909 48.698 CWH 579 TERR Allen et al.(1999) 
120 S93-8 -123.723 48.577 CWH 284 TERR Allen et al.(1999) 
121 S93-5 -123.725 48.55 CWH 432 TERR Allen et al.(1999) 
122 S93-4 -123.718 48.55 CWH 225 TERR Allen et al.(1999) 
123 MB-6 -123.567 48.422 CWH 114 TERR Allen et al.(1999) 
124 MB-5 -123.573 48.426 CWH 124 TERR Allen et al.(1999) 
125 MB-4 -123.609 48.433 CWH 291 TERR Allen et al.(1999) 
126 MB-3 -123.616 48.434 CWH 295 TERR Allen et al.(1999) 
127 MB-2 -123.614 48.427 CWH 286 TERR Allen et al.(1999) 
128 MB-1 -123.57 48.431 CWH 128 TERR Allen et al.(1999) 
129 S93-40 -123.642 48.35 CWH 84 TERR Allen et al.(1999) 
130 S93-3 -123.691 48.544 CWH 351 TERR Allen et al.(1999) 
131 S93-2 -123.688 48.545 CWH 453 TERR Allen et al.(1999) 
132 S93-1 -123.672 48.541 CWH 538 TERR Allen et al.(1999) 

133 Prince Rupert 
SS259 -130.17 54.17 CWH 5 TERR 

Mathewes in 
(Whitmore et al. 
2005)3 

134 Mt Hayes -130.284 54.304 CWH 30 TMOS (Alley 1976) 
135 Argonaut Pool -131.713 54.038 CWH 105 TMOS Warner (1984) 
136 Drizzle Lake -132.083 53.933 CWH 52 TMOS Warner (1984) 

137 East Sooke Fen -123.682 48.352 CWH 155 LACU Brown & Hebda 
(2002) 

138 Lost -122.95 50.233 CWH 690 LACU Pellatt et al. 
(1997) 

139 Stewart -129.983 55.917 CWH 1130 LACU Pellatt et al. 
(1997) 

140 S83-58 -124.075 48.502 CWH 651 TERR Allen et al.(1999) 
141 S95-2 -124.367 48.589 CWH 84 TERR Allen et al.(1999) 
142 S95-1 -124.33 48.593 CWH 74 TERR Allen et al.(1999) 
143 S91-6 -124.208 48.591 CWH 39 TERR Allen et al.(1999) 
144 S91-5 -124.331 48.581 CWH 16 TERR Allen et al.(1999) 
145 S91-4 -124.379 48.593 CWH 199 TERR Allen et al.(1999) 
146 S91-3 -124.379 48.593 CWH 199 TERR Allen et al.(1999) 
147 S95-7 -124.159 48.686 CWH 616 TERR Allen et al.(1999) 
148 S95-6 -124.157 48.705 CWH 446 TERR Allen et al.(1999) 
149 S95-9 -124.131 48.7 CWH 267 TERR Allen et al.(1999) 
150 ESF -123.726 48.395 CWH 32 TERR Allen et al.(1999) 
151 S93-36 -123.738 48.374 CWH 61 TERR Allen et al.(1999) 
152 S93-9 -123.843 48.887 CWH 941 TERR Allen et al.(1999) 
153 S93-14 -123.799 48.637 CWH 276 TERR Allen et al.(1999) 
154 Nesto camp -132.925 53.542 CWH 37 TMOS Warner (1984) 
155 Nesto hanging pool -132.949 53.542 CWH 37 TMOS Warner (1984) 

156 Marion Lake -123.177 49.553 CWH 305 LACU 
Mathewes in 
(Whitmore et al. 
2005)3 

157 Nita -123.083 50.1 CWH 625 LACU Pellatt et al. 
(1997) 

158 Hippa Lake -132.14 53.532 CWH 530 LACU Warner (1984) 

159 Power Line -130.113 54.239 CWH 112 LACU Pellatt, M.G., 
unpubl 

160 SL -123.591 48.582 CWH 471 TERR Allen et al.(1999) 
161 S93-7 -123.752 48.557 CWH 682 TERR Allen et al.(1999) 
162 S93-6 -123.754 48.55 CWH 704 TERR Allen et al.(1999) 
163 WL-1 -124.856 48.687 CWH 39 TERR Allen et al.(1999) 
164 NL-4 -124.669 48.83 CWH 20 TERR Allen et al.(1999) 
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165 Lake O'Hara -116.35 51.36 ESSF 2015 LACU (Beaudoin & 
Reasoner 1992) 

166 S-95-7 -120.151 49.186 ESSF 2152 LACU Heinrichs (1999) 
167 Tonquin Creek -118.367 52.733 ESSF 1935 LACU Kearney (1983) 

168 Upper Kidney -123.383 50.767 ESSF 2090 LACU Pellatt et al. 
(1997) 

169 Roundabout -121.9 50.083 ESSF 1905 LACU Pellatt et al. 
(1997) 

170 Cabin -121.25 50.033 ESSF 1830 LACU Pellatt et al. 
(1997) 

171 Shavun Pond -121.35 50.017 ESSF 2000 LACU Pellatt et al. 
(1997) 

172 Natashia Pond -121.35 50.017 ESSF 2005 LACU Pellatt et al. 
(1997) 

173 Opabin Lake -116.313 51.343 ESSF 2280 LACU Reasoner & 
Rutter (1988) 

174 Eagle Lake -118.167 51.05 ESSF 1845 LACU Rosenberg (2002) 

175 Strohn -129.675 56.107 ESSF 430 LACU Pellatt, M.G., 
unpubl 

176 Bowron Lakes SS66 -121.4 53.3 ESSF 975 PEAT 
Mathewes in 
(Whitmore et al. 
2005)3 

177 Clearwater SS83 -119.85 51.75 ESSF 1737 PEAT 
Mathewes in 
(Whitmore et al. 
2005)3 

178 S-85-25 -120.213 49.055 ESSF 2265 TERR Heinrichs (1999) 
179 S-85-29 -120.198 49.052 ESSF 2210 TERR Heinrichs (1999) 
180 S-85-30 -120.221 49.054 ESSF 2444 TERR Heinrichs (1999) 
181 S-95-6 -120.096 49.192 ESSF 2129 TERR Heinrichs (1999) 
182 S-95-8 -120.089 49.187 ESSF 2055 TERR Heinrichs (1999) 

183 Burns Lake SS203 -127.37 54.37 ESSF 1143 TERR 
Mathewes in 
(Whitmore et al. 
2005)3 

184 Berenden Bog -130.054 56.242 ESSF 121 TMOS Clague & 
Mathewes (1996) 

185 Echo -130.173 56.923 ICH 562 LACU Pellatt, M.G., 
unpubl 

186 Fifteen Meter -128.871 55.849 ICH 358 LACU Pellatt, M.G., 
unpubl 

187 Heron -120.888 51.952 ICH 1025 LACU Pellatt, M.G., 
unpubl 

188 Homerun -128.765 55.692 ICH 213 LACU Pellatt, M.G., 
unpubl 

189 KW 20 -129.752 56.667 ICH 501 LACU Pellatt, M.G., 
unpubl 

190 Mehan (Hodder) -129.778 56.724 ICH 596 LACU Pellatt, M.G., 
unpubl 

191 Redemption -121.134 52.976 ICH 1009 LACU Pellatt, M.G., 
unpubl 

192 Sawmill -128.026 55.112 ICH 270 LACU Pellatt, M.G., 
unpubl 

193 Seeley -127.689 55.197 ICH 304 LACU Pellatt, M.G., 
unpubl 

194 Twin Lakes -116.33 50.75 IDF 1100 LACU Hazell (1979) 
195 Chilhil Lake -121.799 50.65 IDF 915 LACU King (1980) 

196 Lady King Lake -119.617 50.433 IDF 1223 LACU Goring, S.,  
unpubl 

197 Big Creek SS105 -122.82 51.73 IDF 1113 PEAT 
Mathewes in 
(Whitmore et al. 
2005)3 
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198 70 Mile House 
SS110 -121.33 51.3 IDF 1097 PEAT 

Mathewes in 
(Whitmore et al. 
2005)3 

199 Ashcroft SS35 -121.25 50.62 IDF 1143 PEAT 
Mathewes in 
(Whitmore et al. 
2005)3 

200 AL16 76 -119.5 50.27 IDF 914 TERR Alley (1976) 
201 AL 24 76 -120.55 50.783 IDF 970 TERR Alley (1976) 
202 Canal Flats 10 -115.85 50.15 IDF 963 TMOS Hazell (1979) 
203 Edgewater 8 -116.092 50.689 IDF 972 TMOS Hazell (1979) 
204 Galloway 12 -115.217 49.383 IDF 909 TMOS Hazell (1979) 
205 Invermere 9 -115.917 50.433 IDF 848 TMOS Hazell (1979) 

206 Shangri-La Bog -132.408 53.267 MH 595 PEAT Pellatt et al. 
(1997) 

207 Walker -124.01 48.525 MH 971 LACU Allen et al. (1999) 

208 Porphyry Lake -123.833 48.906 MH 1100 LACU Brown & Hebda 
(2003) 

209 Louise Pond -131.76 52.93 MH 650 LACU Pellatt & 
Mathewes (1994) 

210 SC1 Pond -131.907 52.72 MH 550 LACU Pellatt et al. 
(1997) 

211 Pecker -129.983 55.917 MH 10 LACU Pellatt et al. 
(1997) 

212 Yew -123.217 49.4 MH 945 LACU Pellatt et al. 
(1997) 

213 Mystery -122.95 49.417 MH 1140 LACU Pellatt et al. 
(1997) 

214 Goldie -122.933 49.45 MH 990 LACU Pellatt et al. 
(1997) 

215 Highwood -121.75 49 MH 1250 LACU Pellatt et al. 
(1997) 

216 Picture -121.767 49 MH 1250 LACU Pellatt et al. 
(1997) 

217 North Elfin -123.017 50.2 MH 1480 LACU Pellatt et al. 
(1997) 

218 South Elfin -123.4 49.983 MH 1480 LACU Pellatt et al. 
(1997) 

219 Mimulis -123.15 50.033 MH 1725 LACU Pellatt et al. 
(1997) 

220 Black Tusk -123.117 50.05 MH 1755 LACU Pellatt et al. 
(1997) 

221 Lower Adit -122.983 50.033 MH 1845 LACU Pellatt et al. 
(1997) 

222 Upper Adit -122.983 50.033 MH 1845 LACU Pellatt et al. 
(1997) 

223 TL2 -132.067 52.933 MH 550 LACU Pellatt et al. 
(1997) 

224 TL8 -132.067 52.933 MH 595 LACU Pellatt et al. 
(1997) 

225 Granduc -129.983 55.917 MH 855 LACU Pellatt et al. 
(1997) 

226 Rust -130.05 56.241 MH 855 LACU Pellatt et al. 
(1997) 

227 S93-25 -123.834 48.909 MH 1103 TERR Allen et al. (1999) 
228 S93-13 -123.831 48.905 MH 1101 TERR Allen et al. (1999) 
229 S93-11 -123.832 48.916 MH 1101 TERR Allen et al. (1999) 
230 S93-10 -123.829 48.907 MH 1100 TERR Allen et al. (1999) 

231 Terrace SS267 -128.58 54.72 MH 1341 TERR 
Mathewes in 
(Whitmore et al. 
2005)3 
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232 S93-12 -123.843 48.887 MH 1104 TERR Allen et al. (1999) 

233 Dog Lake -116.1 50.767 MS 1183 LACU Hallett & Hills 
(2006) 

234 KW 2 -120.159 49.904 MS 1644 LACU Pellatt, M.G., 
unpubl 

235 AL 11 76 -119.317 49.283 MS 1400 TERR Alley (1976) 
236 Mahoney Lake -119.57 49.27 MS 488 LACU Cawker (1978) 
237 Phair Lake -121.867 50.608 PP 705 LACU King (1980) 

238 Waldo, BC -115.17 49.17 PP 853 LACU 
Mathewes in 
(Whitmore et al. 
2005)3 

239 St Mary 11 -115.783 49.783 PP 821 TMOS Hazell (1979) 
240 AL 3 76 -119.55 49.03 PP 914 TERR Alley (1976) 

241 Ultimate -120.721 51.429 SBPS 1211 LACU Pellatt, M.G., 
unpubl 

242 Azouzetta -122.615 55.39 SBS 871 LACU Pellatt, M.G., 
unpubl 

243 Beatle Lake -122.917 53.55 SBS 1007 LACU Goring, S.,  
unpubl 

244 Bigelow -127.165 54.756 SBS 551 LACU Pellatt, M.G., 
unpubl 

245 Boggy -122.305 53.899 SBS 750 LACU Pellatt, M.G., 
unpubl 

246 Canoganoe -121.531 53.504 SBS 1022 LACU Pellatt, M.G., 
unpubl 

247 Cow -121.434 52.3 SBS 840 LACU Pellatt, M.G., 
unpubl 

248 Hudson -122.353 53.309 SBS 900 LACU Pellatt, M.G., 
unpubl 

249 KW 4 -122.377 52.661 SBS 801 LACU Pellatt, M.G., 
unpubl 

250 Lac De Bouleau -123.02 55.122 SBS 715 LACU Pellatt, M.G., 
unpubl 

251 Metis -122.287 53.737 SBS 785 LACU Pellatt, M.G., 
unpubl 

252 Pritchard -121.976 53.851 SBS 728 LACU Pellatt, M.G., 
unpubl 

253 Robinson -123.428 55.053 SBS 1043 LACU Pellatt, M.G., 
unpubl 

254 Selina -121.447 53.211 SBS 1020 LACU Pellatt, M.G., 
unpubl 

255 Thousand Toads -123.65 53.917 SBS 790 LACU Pellatt, M.G., 
unpubl 

256 Tiger Trap -122.828 54.873 SBS 896 LACU Pellatt, M.G., 
unpubl 

257 Tuchintclachick -123.25 53.867 SBS 768 LACU Pellatt, M.G., 
unpubl 

258 Basaltic -122.643 54.305 SBS 715 LACU Pellatt, M.G., 
unpubl 

259 Casey -125.053 54.049 SBS 850 LACU Pellatt, M.G., 
unpubl 

260 Grogheda -125.725 58.843 SWB 1054 LACU Pellatt, M.G., 
unpubl 

261 Dull -124.706 58.647 SWB 1335 LACU Pellatt, M.G., 
unpubl 

262 East Twin -136.742 59.886 SWB 914 LACU Lacourse, T., 
unpubl 

263 Lifeline (Duhu) -122.806 57.174 SWB 1202 LACU Pellatt, M.G., 
unpubl 

264 Lower Gnat -129.844 58.243 SWB 1150 LACU Pellatt, M.G., 
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unpubl 

265 Ruby Mountain -133.307 59.703 SWB 1250 LACU Pellatt, M.G., 
unpubl 

266 Three Guardsmen -136.448 59.608 SWB 940 LACU Lacourse, T., 
unpubl 

267 Upper Gnat -129.838 58.217 SWB 1150 LACU Pellatt, M.G., 
unpubl 

268 West Twin -136.742 59.886 SWB 914 LACU Lacourse, T., 
unpubl 

1 Although latitude and longitude are given to 3 decimal places the online database 
provides greater accuracy. 
2 Biogeoclimatic zones were not published for some earlier studies; in this event the 
zone that the site falls within is assumed to be correct. 
3 A number of sites within the Whitmore et al. (2005) database had no reference to the 
literature. Where possible this was corrected. For sites that could not be attributed to a 
literature reference the principal collector is listed. 
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Appendix 2. Pollen Assemblages 
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