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Abstract

Question: Demographic rates are often modelled using small data sets over

short time frames. Here, we use fully sampled populations as a basis for testing

how the intensity of two different sampling approaches (individual random-tree

and n-tree distance plots) can affect estimates of growth parameters and the tim-

ing of population development. How do sampling method and intensity affect

estimates of early stages of population growth?

Location: North-centralWyoming, USA.

Methods:We used a data set in which every individual in each of four discrete

ponderosa pine populations was mapped and aged. We calculated cumulative

population growth and fitted it to a logistic regression model. Based on this

model, we estimated population growth rate, first colonization, timing of popu-

lation growth initiation, maximum growth rate and growth saturation. We con-

ducted simulations for two sampling methods. First, individual trees were

chosen at random, with different percentages of the full population being cho-

sen. Second, we simulated n-tree distance plot sampling, where we changed the

number of plots that were laid in each population. For each method and at each

intensity, 10 000 simulation runs were performed. The simulation results were

fitted to a logistic regression model. We then looked at the difference between

the full and partially sampled population results to examine how lowering sam-

pling intensity affected the results.

Results: Population growth rate was not significantly affected by sampling

intensity except at low levels of sampling. However, first colonization and timing

of population initiation were affected by sampling intensity. For both parame-

ters, the individual random-tree method produced more accurate results than

the n-distancemethod as sampling intensity decreased.

Conclusions: Accurate estimation of population growth parameters is critical

for both ecological understanding and resource management. Results are

encouraging in that they indicate that moderate levels of sampling will reliably

estimate population growth parameters. However, our results are specific to

ponderosa pine and may not apply to other species with different life-history

characteristics. Our results also highlight the fact that population structure can

play a major role in sampling accuracy and needs to be considered in choosing

the appropriatemethod and intensity.

Introduction

Understanding of demographic rates and the development

of new populations are essential elements of population

ecology and conservation biology (Crawley 1990; Morris

& Doak 2002; Sibly & Hone 2002). However, the data

required to fully understand these rates and processes can

be difficult to obtain, especially for many plant species

where large population sizes and long generation times

put them beyond the scope of traditional observational

studies (Crawley 1990). Despite these difficulties, little

attention has been paid to the influence of sampling

methods and intensity on estimation of demographic

parameters (Doak et al. 2005).
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For many tree species, long generation times and large

population sizes are more of a problem than with other

plants. Traditional observational studies are incapable of

capturing population dynamics as they unfold over the

course of multiple centuries. Dendroecology makes it pos-

sible to examine population growth over long time periods

with high temporal and spatial precision (Fritts & Swetnam

1989). However, while dendroecology can overcome tem-

poral issues, scale may still pose difficulties. Large popula-

tions can make measuring every tree difficult, if not

impossible. Therefore, various sampling techniques are

typically employed to estimate the population parameters.

However, the effects of sampling on estimates of popula-

tion growth parameters are unclear (Meyer et al. 1986).

We distinguish between a population growth curve, based

on all individuals of a population, and the sample growth

curve, based on a sample of the population.

It is important to consider how different sampling

techniques will affect modelling and parameter estimation.

Ideally, in any sampling strategy to estimate population

structure, an unbiased random sample of individuals

should be used. However, this approach is usually not fea-

sible because the position of every individual in the popu-

lation needs to be known before sampling. Sampling

techniques employed in dendroecological studies include

transects (e.g. Norman & Taylor 2005), plot-sampling

methods (e.g. League & Veblen 2006; Kaye et al. 2010)

and non-random sampling based on size (e.g. White

1985), fire scars (e.g. Veblen et al. 2000) or evidence of old

age (Gray et al. 2004; Biondi et al. 2011). Many dendro-

ecological-based studies have used n-tree distance plot

sampling methods (e.g. Brown & Wu 2005; Brown 2006;

Heyerdahl et al. 2006), whereby the number of trees mea-

sured is held constant and plot size is adjusted based on the

density of the population (Jonsson et al. 1992; Lessard

et al. 2002). This method is preferred over fixed-radius plot

sampling when population density is uneven (Lessard

et al. 2002).

Another consideration in modelling population growth

is that a crucial period in understanding population devel-

opment is during the early stages of colonization and

expansion (Stacey & Taper 1992). During initial stages of

colonization, populations may experience extended lags

in growth, or conversely grow more rapidly than expected

due to stochastic events. This is a particularly difficult

stage of population development to study using dendroe-

cology because a population must not only contain the

initial colonizing individuals, but those individuals need

to be represented in the sample. The proportion of colo-

nizing individuals is likely to be very small for a large,

well-established population.

Here, we use data from four ponderosa pine (Pinus

ponderosa Dougl. Ex. Laws) populations, where the entire

history of population growth, from the initial colonization

event to the present, is known (Lesser & Jackson 2012).

Because these data represent the entire population, except

for a small percentage that was unable to be aged because

of heart rot (<15% of combined populations), the popula-

tion growth curve can be estimated. We used these data to

test for error and bias in estimates of population growth

parameters. In particular, we examined how sampling

affects estimation of timing parameters at different stages

of population development. We used simulation models to

test how two different sampling strategies, individual ran-

dom-tree and n-tree distance plots, and sampling intensity

affected these parameters compared to the known full

populations.

Methods

Study populations

We used four isolated, colonizing populations of ponderosa

pine in the Bighorn Basin in north-central Wyoming

(Table 1). These populations were isolated from other pon-

derosa pine populations by >15 km and had easily distin-

guishable boundaries beyond which no ponderosa pine

could be found. Nearly every tree in each of these popula-

tions was mapped and aged (Lesser & Jackson 2012), creat-

ing a unique data set where the population growth curves

can be estimated.

Population density at all sites was low, with average

densities >10 trees·ha�1 (Fig. 1), but highly uneven. The

number of aged trees in each population ranged from 71 at

Grass Creek to 835 at Cottonwood Creek (Table 1). Initial

colonization of sites occurred between the 1530s and

1650s (Appendix S1). Lesser & Jackson (2012) provide

additional site information.

Sampling designs and simulationmodelling

To investigate the effect of sampling, we simulated two

sampling approaches. First, we simulated random sam-

pling of individual trees. The number of trees sampled was

chosen to represent 90% down to 10% of the full popula-

tion in 10% step increments. For each percentage incre-

Table 1. Study site locations, elevations, area of population and number

of trees included in the analysis.

Population Latitude Longitude Elevation

(m)

Area

(ha)

No. of

trees

Castle garden 43.96N 107.52W 1450–1550 94 144

Grass creek 43.88N 108.63W 1700–1900 136 71

cottonwood

Creek

43.80N 108.70W 1700–1850 173 835

Anchor dam 43.67N 108.83W 1950–2050 10 128

Journal of Vegetation Science
Doi: 10.1111/j.1654-1103.2012.01419.x© 2012 International Association for Vegetation Science 1171

M. R. Lesser & S. Brewer Sampling effects on population growth estimates



ment of the full population we ran the simulation 10 000

times.

The second sampling technique simulated was an n-tree

distance plot sampling method, which we chose as a repre-

sentative of plot-based sampling methods. In the n-tree

distance approach a plot ‘centre‘ is randomly placed within

the population. We defined the limits of the population

with a convex-hull bounding box placed around the outer-

most trees (Fig. 1). From the plot centre, every tree occur-

ring within a pre-set distance was sampled. We varied the

number of plots from one to ten in each population. For

each number of plots, 10 000 simulations were run with

plots randomly placed within each population. Due to the

different densities and overall sizes of the populations, spe-

cific parameters on minimum and maximum plot size and

the minimum number of trees to be included were

adjusted on a site-by-site basis (Table 2).

Our goal was to examine how sampling intensity

affected estimates of growth rate and timing of population

development for eachmethod. To examine growth rate we

calculated cumulative population size through time from

the output of each run. Cumulative population size was

calculated as the ratio of trees establishing in a decade to

the number of reproductively mature trees present in the

population at the beginning of that decade (Lesser & Jack-

son 2012; Morris & Doak 2002). We then fitted a logistic

regression model to cumulative growth. This model was

used based on Lesser & Jackson (2012), which showed that

this model was a good fit for the populations. We calcu-

lated the median slope and intercept and the lower 5%

quantile of the slope from the 10 000 runs performed for

each sampling intensity under both tested methods. The

slope of the regression model was interpreted as the popu-

lation growth rate and is comparable to the value r, or the

rate of natural increase (Sibly & Hone 2002).We compared

the simulated model median results and the full popula-

tion model results using a z-score to determine if there was

a significant difference in the shape of the model. Z-scores

were calculated as: Eq. (1)

z ¼ b1 � b2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SEb21 þ SEb22

q ð1Þ

where b1 is the population slope, b2 is the sample popula-

tion slope, and SE is the standard error (Clogg et al.

1995). Z-scores were also used to compare the 5% quan-

tile results from the simulations to the full population

model, to assess the worst-case scenario for that sampling

intensity.
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Fig. 1. Maps of the four study populations showing tree locations (open circles) and the bounding box used to contain the n-distance sampling plot

placement.

Table 2. Site specific parameters for n-distance sampling design.

Population Max. no.

trees in plot

Min. no.

trees in plot

Max. plot

radius (m)

Castle garden 20 5 120

Grass creek 10 5 160

Cottonwood creek 30 5 160

Anchor dam 12 5 40
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The decades of initial and second establishment were

calculated from the simulations. Based on our calculation

of cumulative growth, the second establishment event rep-

resents the initiation of population growth. We also calcu-

lated the time of growth saturation and the time of

maximum growth rate. Saturation was calculated as the

time when 95% of the current population was present and

is comparable to k, or the carrying capacity of the popula-

tion. The timing of maximum growth was calculated as

half the time to reach the saturation point, where the slope

of the logistic regression model is maximized.

For each of these four variables the difference between

the full population and the sample population parameter

was calculated. This was done for each of the 10 000 simu-

lation runs for each sampling method and intensity. To

assess both error and bias in the sampling we used box-

plots to look at the distributions of each parameter. The

deviation of the median simulated value from the full pop-

ulation value was used to assess error in the sampling. The

variance in the distribution, or breadth of the box-plot,

was used to assess bias, with a wider distribution indicating

more bias in the parameter estimation.

Results

Growth rate

Observedpopulationgrowthfolloweda logisticpattern inall

four populations, with slow initial growth followed by an

exponential increasephase,andfinallyaslowingandalmost

completecessationofgrowth(Lesser&Jackson2012;Fig. 2).

Herewe show the logistic regressionmodels thatwerefitted

to the data (Fig. 2). The slope of the fitted logistic regression

for the full populations ranged from0.015 to 0.039 (Appen-

dix S1). For both sampling methods the slope estimates

from the fitted logistic regression model become more

variableassamplingintensitywasdecreased(Figs 2,3).

For the random-tree sampling method z-scores between

the slope of the sampled population and the slope of the full

population exceeded one standard deviation (SD) only at

very low sampling intensities (Appendix S1). As expected,

the 5% quantile of the slope, when tested against the full

population model, showed a higher degree of difference

than themedian slope. However, even these values did not

become significant until � 40% of the population had

been sampled at Castle Garden and Anchor Dam, and

� 30% at Cottonwood Creek. Grass Creek showed even

less of a difference, wherewith only 10% of the population

sampled the z-score between the simulated population and

the full data set was still <1 SD (Appendix S1).

Results are similar for the n-tree distance-based method.

Z-scores increased as fewer trees were sampled (i.e. less

plots included). However, the values did not exceed 1 SD

until less than two plots were included (Appendix S2).

Z-scores of the 5% quantile against the full population,

however, exceeded 1 SD with as many as nine plots at

Cottonwood Creek, and seven and five plots, respectively,

at Anchor Dam and Castle Garden. Grass Creek showed

the least amount of difference, where even at only one plot

the z-score remained within 1 SD (Appendix S2).

Estimation of timing parameters

Initial colonization

With the random-tree samplingmethod, the putative initial

establishmenteventwasconsistently includedinthesample

with >60% sampling (Fig. 4, Appendix S1). At Castle Gar-

den, Cottonwood Creek and Anchor Dam, once the initial

treewasmissed theestimateddecadeof initial establishment

moved ahead in time in a relatively slow, but systematic

way. This is in accordance with the long period of low, but

consistent, establishment in the actual data sets (Fig. 2).

Accordingly, as sampling intensity increased, the median

estimated value deviated less from the putative value, and

thevarianceintheestimatesalsodecreased(Fig. 4).

At Grass Creek, however, where there is a long gap in

establishment between the first and second trees (Lesser &

Jackson 2012), initial establishment shifted by 140 yrs if

the first tree was missed (Fig. 4, Appendix S1). Further-

more, variance in the estimate of initial establishment was

much greater at Grass Creek, compared to the other popu-

lations, especially at intermediate sampling intensities. At

30% to 70% sampling intensity, both the putative coloniz-

ing event and what is actually the second tree to establish

are consistently sampled. However, the median estimate

switches from the second tree to the putative first tree

between 40% and 50% sampling (Fig. 4).

Identifying the assumed initial establishment event was

much more variable with the n-tree distance plot method

than with the random-tree sampling method (Fig. 5,

Appendix S2). The initial establishment event at Cotton-

woodCreekwas not consistently included even at thehigh-

est number of plots, and variance around the median was

greater (Fig. 5). Differences in population growth initiation

were less pronounced at the Castle Garden and Anchor

Dam sites, but still showed offsets of over a century when

sampling intensity was low (Fig. 5, Appendix S2). As with

Cottonwood Creek, variance in estimates was also higher.

Grass Creek showed very little difference in timing of initia-

tion. The putative initial establishment was consistently

included with three or more plots, and variance around

that estimate fell to zerowith four ormore plots (Fig. 5).

Initiation of population growth

The establishment of the second tree, which represents the

inferred initiation of population growth, was consistently
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included in the random-tree sampling method when

>70% of the population was sampled. At sampling intensi-

ties <70%, estimates of the second tree establishment

began to shift (Appendix S1), causing shifts in estimated

population growth initiation (Fig. 4). The difference

between actual population initiation and the sampled

population initiation increased as sampling intensity

decreased, and at low levels of sampling the difference is

>100 yrs at Castle Garden, Cottonwood Creek and Anchor

Dam (Fig. 4). Once again Grass Creek stands out, in this

case having the smallest shift and the least amount of vari-

ance in the onset of estimated population growth. The
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demographic pattern at Grass Creek is such that once the

putative initial tree is missing, the next two trees are never

temporally far apart and therefore there is little underesti-

mation of population growth initiation (Fig. 4, Appendix

S1). The other three populations, however, aremuchmore

strongly influenced by the separation between the first

and second trees, because more trees are missing from the

sample (Fig. 2, Appendix S1).

Estimating the initiation of population growth was

much more variable with the n-tree distance plot method

(Fig. 5). Even high numbers of plots failed to consistently

sample the putative second establishment event at Castle
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Garden, Cottonwood Creek and Anchor Dam (Fig. 5,

Appendix S2). At Grass Creek the offset was less, and the

assumed event was captured consistently with over three

plots. With less than three plots, the offset was only 20 yrs,

however variance increased substantially compared to the

estimates based on higher numbers of plots (Fig. 5).

Maximum growth rate and growth saturation

All four populations showed a decline in establishment

during the later stages of development (Fig. 2). As with the

initial stages of population growth, less than complete sam-

pling may easily miss individuals critical to accurately doc-

umenting this stage of population growth. Contrary to the

results for the initiation of population growth, the greatest

impact of sampling intensity on growth saturation for both

methods was at Grass Creek (Figs 4, 5). However, even at

the lowest sampling intensities, the offset in timing was

� 50 yrs. Cottonwood Creek showed an offset of 40 yrs

with only one plot in the n-tree distance method, but

otherwise offsets at Cottonwood Creek, Anchor Dam

and Castle Garden were all � 30 yrs (Appendices S1, S2).

Furthermore, the variance in estimates of growth satura-

tion was minimal compared to other sampled variables

(Figs 4, 5). Growth saturation was the only measured vari-

able where median estimates underestimated the timing of

the event in some populations at some intensities.

The timing of maximum growth rate was calculated as

the point where the slope of the logistic regression model

was maximized. Offsets in this variable showed consistent

patterns between methods, however, the degree of offset

and the variance in the estimates were generally higher for

the n-distance method. At the lowest sampling intensities

the median offset of maximum growth rate was between

140 and 30 yrs. In all four populations, for both methods,

median estimates decreased systematically as sampling

intensity increased. Variance also decreased very systemat-

ically with sampling intensity for this variable (Figs 4, 5).

Discussion

The purpose of this study was to investigate the extent to

which the estimated shape and timing of population

growth is sensitive to sampling method and intensity. We
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used four natural populations of ponderosa pine where

nearly every individual had been previously inventoried

and aged. This allowed us to study the effects of sampling

in complete populations, rather than simulating age struc-

ture and spatial patterns. Other studies using theoretical

populations have performed simulations to test the effects

of sampling (Doak et al. 2005; Grear & Elderd 2008; Abadi

et al. 2010), and some studies have used real population

data (Fiske et al. 2008; Devenish Nelson et al. 2010; Buck-

ley et al. 2010). However, generalization between species,

let alone populations, for growth parameters is difficult

(Buckley et al. 2010), and no other study has examined

these parameters with a long-lived tree species.

The simulation results show that, for ponderosa pine, a

large number of individuals need to be ‘missing’ (>60%)

before significant effects are seen on the shape of the sam-

ple growth curve. These results suggest that most sampling

strategies will better estimate the population growth rate

without exhaustively sampling. However, as ‘missing’ or

unsampled trees increased, the probability of missing early

establishment events increased substantially (Appendices

S1, S2). This means that while the shape of the sample

growth curve may match that of the population growth

curve, the actual time involved in reaching that growth

rate could be severely underestimated. The timing of initial

colonization and the second establishment event showed

the largest offsets and the highest amount of variance of all

the measured variables. Variables related to later stages of

population development, such as growth saturation and

maximum growth rate, showed much less variance and

deviation from the estimates based on the full population

values, even at low sampling.

For the populations we studied, the individual random-

tree method gavemore accurate results than the n-tree dis-

tance method. However, there are several caveats to this

finding. First, the study populations, while being real pop-

ulations, are fairly unique in that they are all small, dis-

junct range-margin populations that have developed very

slowly. In other population structures (e.g. large continu-

ous forests) or higher-density populations, our findings

may not apply and other sampling methods may be better

suited. For example, Paulo et al. (2005) found that fixed

plot sampling was superior to the n-distance method, and

that both of these plot-based methods were superior to

Arrival of first 
tree 

1 2 3 4 5 6 7 8

0
10

0
20

0
30

0

Initiation of 
population growth 

1 2 3 4 5 6 7 8

0
10

0
20

0
30

0

Time of maximum 
growth rate

1 2 3 4 5 6 7 8

0
50

10
0

15
0

20
0

Time of population growth
 saturation

1 2 3 4 5 6

0
50

10
0

15
0

654321

0
50

10
0

–1
00

–5
0

0
50

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7

0
50

15
0

25
0

1 2 3 4 5 6 7

0
50

15
0

25
0

1 2 3 4 5 6 7

0
50

10
0

1 2 3 4 5 6 7 8 9 10

0
10

0
20

0
30

0
40

0

1 2 3 4 5 6 7 8 9 10

0
10

0
20

0
30

0
40

0

1 2 3 4 5 6 7 8 9 10

0
50

15
0

25
0

–5
0

0
50

10
0

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6
0

20
10

0
14

0
60

–5
0

1 2 3 4 5 6 7

0
50

1 2 3 4 5 6

0
2 0

10
0

60

Castle garden

Grass creek

Cottonwood
creek

Sampling intensity (number of plots)

Anchor dam

Fig. 5. Box-plots of offset of population growth parameters estimated from 10 000 simulations of n-distance plot sampling. Results are shown for the four

study populations. For each parameter, estimates are shown at sampling intensities from one to the maximum number of plots for that population. Values

are given in years offset from the full population parameter estimate (population parameter – sample parameter). The box represents the first and third

quartiles. The whiskers extend to the largest/smallest data point that falls within 1.5 times the box length from the nearest edge. The thick black bar is the

median point of the data. Outliers are represented by black circles.

Journal of Vegetation Science
Doi: 10.1111/j.1654-1103.2012.01419.x© 2012 International Association for Vegetation Science 1177

M. R. Lesser & S. Brewer Sampling effects on population growth estimates



transects in high density (>95 trees·ha�1) cork oak (Quer-

cus suber) stands.

Even within the four populations we studied, the effects

of different demographic histories are apparent. Lowering

the sampling intensity at the Grass Creek population

shows much less effect on the timing and shape of popula-

tion growth than at the other populations. This lowered

effect is due to the unique demographic structure at Grass

Creek, where there is an extended period (>100 yrs) of no

establishment between the first and second individuals

(Lesser & Jackson 2012). Furthermore, the bulk of estab-

lishment occurs in a relatively short time span in the mid

to late 18th century. Combined, these factors create a situ-

ation where even at very low sampling intensities the

parameters that we measured are relatively unaffected

compared to the other populations, which all have a dif-

ferent demographic history. The difference in sampling

effect between populations with different structures points

to the issue that the reliability of sampling technique and

intensity can change dramatically between populations.

Doak et al. (2005) showed that estimates of growth rate

could be severely biased even at reasonably high sampling

levels. Devenish Nelson et al. (2010) also showed that

small sample sizes could produce highly uncertain results

when estimating vital rates in red fox (Vulpes vulpes L.)

populations. However, Fiske et al. (2008) found that while

sampling bias was high at low levels of sampling in helico-

nia (Heliconia acuminata Rich.) populations, bias decreased

rapidly with increasing sample size. For species such as

pines, our results suggest that even modest sampling

efforts can produce good estimates of population growth

rate and the overall shape of the growth curve. However,

our results also demonstrate that the time frames involved

in population colonization and growth initiation may be

underestimated even at high levels of sampling. Many

other estimates such as extinction risk, population viabil-

ity, elasticity and variability in vital rates are also of interest

to demographers, and may be differentially sensitive to

sampling effects than the variables we measured (Doak

et al. 2005; Fiske et al. 2008). Furthermore, species with

different life-history characteristics, such as short-lived

herbaceous plants, may exhibit very different population

structure and growth. Different dispersal strategies such as

zoochory or serotiny may also alter population structure

and growth. Hence, different sampling methods and inten-

sities may better estimate population growth parameters

for other species.

Understanding how growth parameters are estimated

and the effects of sampling methods and intensity is

needed to properly design and implement experiments.

Our results indicate that, in low-density range-margin

populations, for species with life history and recruitment

patterns similar to ponderosa pine, growth rate is reliably

estimated with moderate levels of sampling, but that cau-

tion needs to be exercised in estimating the timing of early

stages population development. Given the anticipated dis-

tributional shifts that species might make in response to

on-going climate change (Rosenzweig et al. 2007; Wil-

liams et al. 2007), underestimation of the time required to

successfully colonize new territory could have major eco-

logical andmanagement implications.
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