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EXECUTIVE SUMMARY 

This document reports a 2-year project to explore the terrestrial vegetation cover in salmon-bearing 

watersheds of the Fraser River and possible linkages to salmon growth and survival, using a 22-year 

long time series of satellite imagery from the weather satellites.  A new field of research was opened 

by this project, with the discovery that satellite indices of vegetation may hold important explanatory 

power for fisheries biologists and managers.  

These data are unique – GIS ready environmental data that is at once macroscopic (province wide for 

22 years) and detailed (1 km resolution, 10 day intervals) is not commonly available.  The large 

spatial patterns of vegetation changes across years are fascinating and insightful imagery, and the 

image-maps of gradual and sudden changes vividly portray events such as forest fires and the 

Mountain Pine Beetle outbreak as well as showing where and how regional climate changes are 

appearing.  Local changes and effects in particular valleys can also be seen.  We have only sampled 

the data mining possibilities, with the following discoveries: 

 The spatial patterns linking vegetation cover to stream characteristics critical to salmon spawning 

and survival in the Takla and Thompson watersheds identified links to optimal spawning habitat 

and undercut banks valuable as salmon refugia. This observation holds great promise for 

monitoring key habitat variables for salmon, continuously and over vast areas, a boon to habitat 

managers. 

 

 Exploring the temporal patterns of Chilko watershed vegetation indices over 22 years, in relation 

to sockeye survival and growth, revealed a suite of individual correlations such as  

o marine survival of smolts from effects during their parents spawning migration and 

from the winter/spring when the eggs hatch.  

o freshwater survival and summer vegetation 

o smolt weight and biomass (but not length) related to greener spring and summer 

 

 Stock-recruit relationships for Takla watersheds were significantly improved by factoring in 

maximum and late-summer greenness to explain differences between watersheds (after correcting 

for years), and or by factoring in spring green-up timing and late-summer greenness to explain 

differences between years (after correcting for watersheds).  

 

Some of these effects are mysterious, others appear straightforward, but we think that the explanatory 

power from applying NDVI information across a salmon’s life history will be dramatic.  How 

predictive our models will be remains to be seen, but will be seen, because the weather satellites will 

produce this data continuously into the foreseeable future. 
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1 INTRODUCTION 

1.1 BACKGROUND 

This document reports a continuation of a 2-year project begun in 2008.  Data sources and methods 

are described in detail in last year’s report (Brown et al., 2009).  In 2008, with support from the 

Fraser Salmon Watersheds Program (FSWP), we initiated a project to study the condition of 

vegetation in salmon-bearing watersheds of the Fraser River using satellite remote sensing.  

Scientific partnerships for this project were stimulated and supported by FSWP, between ASL 

Borstad, DFO Science Branch, Simon Fraser University, and others. Much less than this partnership 

accomplished would have been possible otherwise. 

1.2 APPROACH AND OBJECTIVES 

The general objective of this work is to explore the utility of watershed-scale remote sensing to 

fisheries management.  The managerial question: Do measurements of terrestrial vegetation cover 

contribute useful information useful for natural resource management of salmon?  The scientific 

question is: Do the overall pattern of correlations conform to an ecological expectations of the 

statistical behaviour of a widely applicable, predictive, environmental variable?  

Exploratory correlations between the growth and survival of Chilko Sockeye salmon and watershed-

scale indices of vegetation from remote sensing were created and presented. These correlations were 

examined for consistency and meaning despite the likelihood of some spurious correlations between 

the many indices available. This was an exploration of an entirely new kind of dataset, capable of 

showing us things that we have never seen before, and capable of upsetting conventional wisdom. 

Since we do not know the answer, it is unwise to apply theory too soon lest that preclude surprising 

discoveries, serendipity. Therefore, we begin by taking a bottom-up approach, to find out what this 

data can tell us. Is there is a story to be told about vegetation cover predicting fisheries variables, and 

does that story hold together?  We looks for that story, examines it for consistency, presents what can 

be told so far, and looks are what remains to be done. 

The tool applied for this initial approach is RASTAR (Rapid Screening Through Analysis and 

Regression), a software tool capable of dealing with the quantity and complexity of the satellite 

datasets and relating them to external time series (Thomson et al., 2008).  In our case we use it to 

relate many indices of terrestrial vegetation cover to several diverse indices of salmon growth and 

survival. 

The technical work lays the foundations for subsequent top-down approaches can be applied, asking 

for instance, “Can this data be used to parameterize functions in various simulation models of salmon 

life?  We have not yet implemented this part of our analyses, but in section 4.2, Doug Braun of Simon 

Fraser University is using Ricker models to attempt to understand the multivariate relationships 

between salmon survival and watershed condition.  Once we know what questions to ask, a more 

knowledge-driven approach can involve testing hypotheses.  
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1.3 SCOPE OF ANALYSES 

The project uses as its basis imagery from the NOAA AVHRR series of weather satellites that has 

been collated and processed at the Canada Centre for Remote Sensing (CCRS) to produce a 22-year 

time series of vegetation cover, as measured by the Normalized Difference Vegetation Index.  The 

NDVI is described more fully in the next section.  In 2008, NDVI data were extracted for 19 Fraser 

River watersheds of interest to DFO and others, and a number of secondary metrics were calculated 

including  

 maximum summer vegetative cover in each year of the time series, 

 annual anomalies of vegetative cover relative to the long term mean (an index of short term 

disturbances), 

 catastrophic loss of vegetative cover (large disturbances without recovery), 

 changes in seasonal amplitude (an index of % deciduous cover), 

 changes in the timing of the seasonal ‘green-up’, and  

 variations in snow cover. 

In 2009 some issues of variability in the source dataset were addressed.  It was recalibrated and 

filtered, and then applied as summarized NDVI indices of relevance to fisheries management.  

Working with another FSWP project at Simon Fraser University, we made comparisons between 

satellite NDVI and in situ measurements of stream characteristics and water quality in the Thompson 

and Takla watersheds.  Relationships between historical Sockeye survival in the Takla and temporal 

variations in NDVI and some of the derived secondary metrics were examined.  In cooperation with 

DFO, relationships were examined between NDVI and secondary metrics and the partitioned 

(freshwater and marine) survival of Chilko Lake Sockeye.   

In addition to fisheries analyses, we worked to generate image products of interest to other users, 

including province-wide maps of long-term trends of vegetation change, annual anomalies, and 

catastrophic loss.   

1.4 NORMALIZED DIFFERENCE VEGETATION INDEX (NDVI) 

The Normalized Difference Vegetation Index (NDVI) is a remote sensing indicator that has a long 

history of use in geography and ecology to study characteristics of vegetation, including its presence, 

amount (biomass), type, and condition (Jensen, 1996).  Living chlorophyll-containing plants absorb 

solar radiation from the 400 to 700nm spectral region that they use in photosynthesis.  About half of 

the total incoming solar energy is in the near-infrared region above 700nm, but leaf cells have 

evolved to reflect solar radiation in this spectral region, because the energy level per photon in that 

domain is not sufficient to be useful to synthesize organic molecules.  A strong absorption at these 

wavelengths would result in overheating the plant and damage to the cells.  As a result, live green 

plants appear relatively dark in the visible wavelengths and relatively bright in the near-infrared.  By 

contrast, clouds and snow tend to be rather bright in the red (as well as other visible wavelengths) and 

quite dark in the near-infrared (Anonymous, 2010). 

The NDVI is calculated from these individual measurements as follows: 
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Figure 1.  NDVI image for August 1, 2006, showing the temporal dimension and geographical extents of the 

dataset.  A 22-year time series is available for every pixel in the dataset.  

 

The purpose of Lowess filtering is to remove the downward spikes in the NDVI time series associated 

with cloud contamination.  Although much of the cloud is ‘removed’ by excluding cloudy imagery 

during the compositing process (from single images to 10-day composites), a degree of cloud 

contamination is unavoidable, and can depress the NDVI values even when the cloud is small enough 

or thin enough not to be easily visible in the imagery.  CCRS’ Lowess code serves to remove these 

downward spikes by iteratively fitting a curve to local sections of the time series and discarding 

anomalously low values, then recalculating the curve.  Problems can arise if cloud is present over an 

extended period of time that is longer than the window over which the Lowess curves are calculated.  

We performed a number of experiments to identify pixels for which this was true, using the ‘cloud 

mask’ product supplied by CCRS along with the NDVI dataset, and found that the periods of 

extended cloudiness generally occurred during the winter and at higher elevations (Figure 2). 

 

 

No vegetation Dense green      
No vegetation Dense green 
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Figure 2.  Pixels affected by cloud (black) on February 11, 2004, using the criteria (A) 4 out of 5 sequential 

dates cloudy or, more rigorously, (B) 2 out of 5 sequential dates cloudy.  The cloudiest pixels tended to occur at 

high elevation.  The right hand image of each pair shows a close-up of the Thompson, Chilko and Bowron 

watersheds of interest to DFO (red vectors). 

 

Figure 3 shows the results of Lowess filtering (black plot in A and B, and image C) and compares this 

to the previous masking approach to cloud correction taken in 2008 (image F and pink time series).  

As shown, Lowess filtering has the effect of reducing data loss and removing some of the spatial bias 

associated with masking cloudy pixels.  An intermediate approach of Lowess filtering followed by 

masking of pixels showing extended periods of cloudiness is illustrated in Figure 3D and E and the 

red and green time series in A and B.  The fact that most of the dropouts in the red and green time 

series occur during the winter reflects the previous observation that these cloudy periods tend to be a 

winter phenomenon.  In terms of interpretation of the NDVI dataset, this suggests that Lowess filtered 

winter estimates may be underestimated, while for the remainder of the year they are probably 

reasonably robust. 

A 

 

 

 

 

 

 

 

B 
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Figure 3.  Cloud corrections using Lowess filtering and/or masking.  (A) Single pixel time series of NDVI for 

the location marked with the crosshair in the images in C-F;  (B) close-up of the period indicated by the red box 

in A.  (C-F) NDVI images of the lower Chilko watershed (red vector), where black pixels have been masked.  

For descriptions of individual images refer to the legend. 

 

2.2 WATERSHED TIMESERIES 

The time series illustrated in Figure 1 shows the variation over time of the NDVI for a single 1km 

pixel.  Most of the analyses reported here are based on average values for entire watersheds.  As 

described by Brown et al. (2009), watershed boundaries were obtained as vectors, reprojected to 

match the AVHRR imagery, and mean NDVI calculated over all valid (non-water, non-snow 

covered) pixels in each targeted watershed, for each 10-day composite.  The result was an NDVI time 

series for each watershed at 10-day temporal resolution.  These extracted time series were imported to 

MS Excel where additional secondary indicators were calculated as listed in section 0.   

 

2.3 IMAGE REGRESSION 

Since all of the map products are digital, they can be treated mathematically.  As part of this project 

we began to explore what we call ‘image regressions,’ in which external time series are regressed 

separately against the time series represented by every pixel in the image.  Output products include 

the slope of the linear best fit, r
2
 and confidence level, expressed as statistical probability (p).  The 

result of this is a map of the spatial distribution of correlations previously found in individual 

watershed analyses.  Image regressions are valuable since they may provide clues as to factors 

affecting the observed correlations.   

A 

 

 

B 

C D E F 

Black plot and image C = Lowess 

filtered, no masking 

Red plot and image D = Lowess 

filtered, pixels masked if ≥3 out of 5 

sequential images centered on that 

date were cloudy 

Green plot and image E = Lowess 

filtered, pixels masked if ≥2 out of 5 

sequential images were cloudy 

Light pink plot and image F = no 

Lowess filtering, cloudy pixels 

masked 
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The software to calculate image regressions was developed under a GRIP
1
 project (Thomson et al., 

2008).  This IDL application uses as input an image ‘cube’ (latitude x longitude x time) and an 

external time series (for example, salmon survival) with the same temporal resolution as the cube.  

Using IDL library functions, a linear regression is computed for each pixel between, in this case, 

NDVI (or derived metric) as the independent (X) variable, and the external data as the dependent (Y) 

variable.  Six output images are generated, giving slope, intercept, Pearson product moment 

correlation coefficient (r), r
2
, n (number of observations, here number of time periods) and p 

(statistical probability). 

The usual approach we have taken is to first use the RASTAR correlation screening tool to identify 

NDVI metrics of possible significance to the statistic of interest, for example, salmon survival, at the 

individual watershed level.  Typically the watershed used for the initial analysis is the spawning 

ground used by the population under examination.  The spatial extents of interesting relationships are 

then explored to understand whether the phenomena are local, regional or even broader in scale.  

Much can be inferred based on the spatial distributions observed:  for example, is there a relationship 

to elevation, biotype, and so on.  Knowing the spatial scale of the relationships, the study areas can be 

redefined and re-examined in RASTAR to search for other possible associations. 

The generation of images typically used in image regression analysis is described in the next section. 

 

3 NDVI IMAGE PRODUCTS 

As well as the opportunities for watershed level analytical work offered by the NDVI time series, the 

dataset lends itself well to map products that show at a glance the distribution of vegetation 

greenness, as well as interpretive products such as phenology (timing), trends and anomalies. 

Analysis can also occur at map scales to show the spatial extents of NDVI correlations. 

Image versions were created for some of the secondary NDVI statistics previously calculated only at 

the whole watershed level.  These include: 

1. mean summer NDVI for each year, 

2. long-term mean summer NDVI, 

3. annual anomalies from long-term mean, 

4. long-term trend in summer NDVI, 

5. magnitude and timing of catastrophic loss, and 

6. annual phenology (spring green-up and autumn decline timing, and length of the season from 

spring to fall). 

Mean summer NDVI was used to represent the average vegetation condition in each year.  The 

statistic was calculated in the same manner for each image pixel as previously calculated for whole 

watersheds, as the average, Lowess filtered NDVI value over the period June 21 to September 20 of 

each year.  To correct for residual cloud effects, pixels were excluded from the mean calculation if 

more than 3 out of 5 of the neighbouring dates were affected by cloud as indicated by the ‘cloud 

mask’ data product provided by CCRS (see section 2.1).  Because this is an annual statistic, there are 

22 mean summer NDVI images, one per year from 1985 to 2006. 

The long-term mean summer NDVI image is a representation of the average summer condition of 

the vegetation in each pixel and so is a broad indicator of bioregion.  It was calculated as the mean 

NDVI across all summers and so consists of a single image, shown in Figure 4. 

                                                      
1
 Government Related Initiatives Program, sponsored by the Canadian Space Agency 
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The summer anomaly represents the relative condition of the vegetation in each year, relative to the 

long-term mean.  It was calculated as the difference between the current year’s summer NDVI and the 

long-term mean, so a positive anomaly is interpreted as greener than average or denser than average 

vegetation, and conversely a negative anomaly is interpreted as less green or less dense than average.  

Because this is an annual statistic, there are 22 summer anomaly images, one per year from 1985 to 

2006 (Figure 5). 

The long-term trend is the (linear) slope of NDVI trend over the entire 22-year time series (an image 

regression of summer NDVI on year), so shows whether the vegetation in each pixel increased, 

decreased or remained relatively unchanged over time.  Sudden or short-term changes may or may 

not be reflected in this image, depending on the magnitude, when in the time series they occurred, and 

the time scale of any return to normal.  This single image clearly shows losses due to Mountain Pine 

Beetle and urbanization, for example (Figure 6). 

Catastrophic loss refers to a sudden, year-to-year decline in NDVI due to occurrences such as fire or 

logging.  It can also denote a very dry summer following a green summer, particularly where no other 

catastrophic events occurred.  For each pixel, the greatest catastrophic loss to occur over the 22-year 

time series was calculated as the maximum year-to-year difference in summer NDVI, or  

Max [(mean summer NDVI in year i) – (mean summer NDVI in year i+1)] 

for i = 1985 to 2005.   

The two image products are the magnitude and timing of the greatest loss.  For timing we use the 

notation [year i+0.5] to indicate a loss that occurred between [year i] and [year i+1].  Note from 

Figure 7 that pine beetle loss was not detected by this algorithm, presumably because the declines in 

most places occurred over a number of years and not as a sudden drop over a single year.  Many of 

the losses appear to be elevation related, suggesting natural phenomena.  Figure 8 shows that regional 

losses occurred in different years for different regions. 

Phenology here refers to the timing of the annual spring green-up and autumn decline in vegetation 

greenness.  These were determined using the ‘annual median’ version of the Siegel algorithm 

described in our 2008 report (Brown et al., 2009 section 2.5.5), but in brief the date of the spring 

green-up was defined as the first annual occurrence of NDVI above a threshold equivalent to the 

annual median plus 5%.  The autumn decline was the last occurrence of NDVI meeting the same 

criterion.  We also calculated season length, equal to the Julian date of the autumn decline minus the 

Julian date of the spring green-up.   

The software used to compute phenology from the NDVI image time series was a custom IDL utility 

originally intended for application to ocean chlorophyll imagery, but for this study was applied to the 

Lowess filtered NDVI image cube.  Provisional products are shown in Figure 9, but we found the 

estimates to be susceptible to the extended cloud effects described in section 2.1, as well as to 

variations in the annual median.  A strategy for future testing could include implementation of a 

downloadable phenology software product called TIMESAT (Jonsson and Eklundh, 2004) that uses 

curve fitting to estimate timing from NDVI and also performs non-Lowess cloud filtering.  Because 

of the setup time and data reconfiguration required to run this software it was not tested under the 

current project. 

A summary of NDVI image products is given in Table 1. 
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Table 1.  Summary of NDVI image products. 

Image product Interpretation Calculation 

Mean summer NDVI Index of average vegetation 

condition in each year 

Mean of Lowess filtered 

NDVI value over the period 

June 21 to September 20 of 

each year 

Long-term mean summer 

NDVI 

Average overall vegetation 

condition/density; indicator of 

bioregion 

Average of all summer means 

(1985-2006) 

Annual anomalies Condition of vegetation in 

each summer, relative to the 

long-term average 

[Mean summer NDVI] – 

[Long-term mean summer 

NDVI] 

Long-term trend Generalized 22-year trends in 

vegetation condition and 

density 

Slope of the linear relationship 

between mean summer NDVI 

and year 

Catastrophic loss:  magnitude Sudden loss of vegetation 

from one year to the next:  

magnitude of the greatest loss 

between 1985 and 2006 

Max [(mean summer NDVI in 

year i) – (mean summer NDVI 

in year i+1)]; i = 1985 to 2006 

Catastrophic loss:  timing Year in which the greatest loss 

occurred 

Year i+0.5 from magnitude 

calculation 

Phenology:  spring green-up Annual timing of spring 

green-up (Julian day) 

First occurrence of NDVI 

greater than a threshold equal 

to the annual median plus 5% 

Phenology:  autumn decline Annual timing of autumn 

decline (Julian day) 

Last occurrence of NDVI 

greater than a threshold equal 

to the annual median plus 5% 

Phenology:  length of season Length of the growing season 

between spring green-up and 

autumn decline 

Julian day (autumn decline) – 

Julian day (spring green-up) 
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Figure 4.  Long-term mean summer NDVI.   
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Figure 5.  Annual summer NDVI anomalies.  Green tones indicate that vegetation was greener than average; red 

indicates browner than average.  All images are displayed using the same colour table.    

NDVI anomaly 
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Figure 6.  Long-term trend in NDVI (1985-2006).  Green areas showed generalized increases in vegetation, 

while red areas showed decreases, and yellow areas showed small increases. 

 

NDVI trend, yr-1 
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Figure 7.  Magnitude of maximum year-to-year catastrophic loss. 
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Figure 8.  Timing of catastrophic losses.  Timing is not given where the greatest loss was less than 0.15 NDVI 

units. 
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Figure 9.  Provisional phenology products, showing the timing of spring green-up and autumn decline in 1986 

and 2004.   
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3.1  INTERPRETIVE IMAGE PRODUCTS 

As a further aid to interpretation, the image products described above can be exported in a variety of 

GIS-ready formats, including overlays in Google Earth.  In Figure 10, the long-term trend has been 

draped over the exaggerated topography in the Kelowna area, illustrating the large changes that 

occurred in this area during the period 1985 to 2006.  As in Figure 6, green and yellow signal 

increases in NDVI over the period, while red represents losses.  The 2003 fire in Okanagan Mountain 

Park and expansion of the northern part of Kelowna are dramatically captured. 

 

 

Figure 10.  The long term trend in summer vegetation cover from Figure 6 for the Kelowna area, overlaid on 

exaggerated terrain in Google Earth.  Green and yellow colours signal an increase in NDVI over the period, 

while red represents losses.  The 2003 fire in Okanagan Mountain Park and expansion of the city of Kelowna 

are well represented. 
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Significant correlations were observed between NDVI and two stream habitat metrics in the Takla, 

and for one metric in the Thompson.  None of the significant correlations were consistent across 

regions, however pooling the data from the two regions resulted in significant correlations for two of 

the variables. 

4.1.1 TAKLA 

In the Takla only the two structural habitat variables, percent cutbanks and spawning substrate, 

showed relationships with NDVI. Cutbanks and NDVI were negatively related, meaning that greener 

watersheds had less cutbanks (Figure 12A). There was also a strong negative relationship between 

spawning substrate quality and NDVI (greener watersheds associated with less spawning substrate, 

Figure 12B). Variables more likely related to climate conditions, specifically water temperature and 

discharge, showed no relationship. This is not surprising given that this analysis included only one 

year of stream habitat data. 
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Figure 12.  Scatterplots for statistically significant relationships from Table 2.  Thompson data are shown in red, 

Takla in blue, combined relationships in black. 

4.1.2 THOMPSON 

pH is the only stream habitat variable that was correlated with NDVI in the Thompson (Figure 12C).  

Different forest compositions can influence stream pH (unpublished data), however further 

interpretation of this relationship between pH and NDVI would require additional knowledge of 

forest type. 

B  A  

C  D  
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4.1.3 TAKLA AND THOMPSON - POOLED 

When data from both regions were pooled, two significant relationships were observed with NDVI, 

for percent cutbanks and ATUs (accumulated thermal units) during incubation (Figure 12A, D). 

When the two datasets were analyzed separately, a significant relationship between cutbanks and 

NDVI was observed only in Takla, although the non-significant relationship in the Thompson was in 

the same direction. The only other significant relationship observed was between incubation ATUs 

and NDVI, which was positive. The direction of the relationship was consistent across regions but 

was not significant when regions were analyzed separately. This result suggests areas that watersheds 

that are greener are warmer during incubation (late summer to end of spring for both regions). 

 

Table 2.  Summary of r
2
 for relationships between in situ stream measurements and Landsat NDVI for streams 

located in the Takla or Thompson drainage basins or for both areas combined.  Negative values denote a 

negative relationship.  Yellow fill = statistically significant at p<0.01; orange fill p<0.05; light orange fill 

p<0.10. 

Stream parameter 

Takla 

(n=13) 

Thompson 

(n=9) 

Takla & Thompson 

(n=22) 

% Stream area that is pool habitat -0.05 0.05 -0.01 

% Stream volume that is pool habitat 0.00 -0.18 -0.01 

Pool depth  -0.20 -0.18 -0.14 

(0.19 excluding Van 

Decar, Shale) 

% Stream bank that is undercut -0.38 -0.12 -0.29 

Stream gradient 0.00 0.34 0.04 

(0.29 excluding Van 

Decar, Shale) 

Volume of large wood  0.02 -0.03 0.02 

Bank angle  -0.04 -0.02 0.00 

% Substrate ideal for spawning -0.50 -0.02 -0.16 

Stream discharge  -0.14 -0.04 

(0.92 excluding 

Momich, Crazy) 

0.02 

Minimum mean daily temp during 

incubation  

0.00 -0.07 0.00 

Maximum mean daily temp during 

spawning  

0.16 -0.06 0.14 

Accumulated thermal units during 

incubation 

0.11 0.18 0.22 

Dissolved oxygen -0.14 0.32 -0.04 

pH 0.15 0.52 0.14 

% Canopy cover 0.01 0.02 -0.05 

 

At this level the correlations between stream variables and NDVI are primarily exploratory.  The next 

step is to follow up interesting relationships to determine whether the correlations are spurious, or 

whether they represent potentially useful means for rapidly assessing certain stream conditions.   
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4.2 NDVI AND TAKLA SOCKEYE SURVIVAL 

For the second SFU study, sockeye survival time series data obtained from DFO were compared with 

vegetation metrics derived from AVHRR NDVI at the watershed level, in order to look for possible 

linkages between watershed greenness and salmon success.  Streams from the Thompson region were 

not included in this study because of missing data, short time series and low sample size.  The 

analysis that follows was contributed by Doug Braun (Simon Fraser University).  

Ricker models were constructed to examine potential linkages between the number of recruits per 

spawning adult Sockeye (i.e. survival) and NDVI metrics for 14 Takla Lake tributaries.  The number 

of recruits is the sum of escapement (the number of fish reaching the spawning grounds) plus catch 

for each year from 1986 to 2002.  Some of the NDVI metrics had incomplete time series and were left 

out of the analysis. We conducted two analyses that identify potential relationships between survival 

and NDVI metrics, across (1) space and (2) time. 

The first analysis compares survival and NDVI among watersheds, within years.  NDVI in this 

context identifies spatial variation in greenness and might represent inherent differences in 

forest/watershed characteristics. The second context examined variation in NDVI among years, 

within watersheds, which identifies temporal changes in greenness, which might represent variation 

in climate such as precipitation and temperature. In both cases NDVI was related to the natural log of 

recruits per spawner. To test for the relationships between greenness and survival I constructed 

mixed-effects Ricker models using year and stream ID as random effects for the first and second 

analyses, respectively. This avoids pseudo replication by accounting for potential correlations among 

years and among streams that may influence survival irrespective of NDVI values.  

 

4.2.1 SPATIAL VARIATION IN NDVI METRICS AND SOCKEYE SURVIVAL 

The first analysis compares survival to NDVI and identifies the effect of greenness across watersheds 

while accounting for synchronous stochastic year-to-year variation among watersheds that might also 

influence survival.  Ricker mixed-effect models were constructed, which included two fixed terms, 

one that accounts for density dependence and the other being the NDVI metric. It also included year 

as a random effect. All 13 models were competed along with a null model, which only included the 

density-dependence term, using information theoretic approach (AIC). AIC is a model selection 

technique that trades-off model complexity (i.e. number of parameters) and model fit. The lower the 

AIC values the better the model relative to others in the candidate set. 

All of the top models (∆AICc<3) include a NDVI metric (Table 3). Including a NDVI metric 

improved the null model (density-dependence term only). The maximum NDVI, which is the 

maximum NDVI value observed within a watershed each year, shows a negative relationship with 

survival (Figure 13). Indeed, all four significant NDVI metrics are negatively correlated with salmon 

survival and represent the top four models. Interestingly, models with significant NDVI metrics all 

coincide with the summer season. This is also the time of year when adult Sockeye spawn in streams 

and embryos are in the early stages of incubation. These results suggest that greener watersheds are 

less productive for salmon. 
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Table 3.  Summary of AICc values for all Ricker mixed-effects models comparing survival and NDVI metrics 

for spatial analysis (among watersheds within years). AICc values represent the trade-off between model 

complexity and fit, where lower AICc values indicate better models relative to other models in the candidate 

set. ∆AICc is the difference in AICc values between model i and the best model. Yellow fill = NDVI metrics 

statistically significant at p<0.01; orange fill p<0.05. 

Model NDVI Metrics AICc ∆AICc 

1 Max 546.8 0.00 

2 Aug 547.2 0.44 

3 Sep 547.6 0.77 

4 Summer 548.3 1.48 

5 Spring 551.2 4.44 

6 Jul 551.4 4.55 

7 Null 551.5 4.73 

8 May 551.8 5.02 

9 Mar 552.2 5.45 

10 Apr 552.3 5.48 

11 Jun 552.9 6.10 

12 Oct 553.7 6.94 

13 Spring Timing 553.8 7.01 

14 Autumn Timing 553.8 7.02 
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Figure 13.  Mixed-effects regression plots with varying intercept by year for maximum annual NDVI, as a fixed 

effect. This regression model does not include the density dependence term. Numbers and gray regression lines 

correspond to different streams/watersheds and black regression line is the mean regression line showing the 

overall effect of maximum annual NDVI (i.e. maximum greenness) on recruits per spawner.   
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4.2.2 TEMPORAL VARIATION IN NDVI METRICS AND SOCKEYE SURVIVAL 

The second analysis compares survival among years, within watersheds and identifies the effect of 

greenness across through time while accounting for variation among watersheds that might also 

influence survival. The Ricker mixed-effect models constructed using the same NDVI metrics and 

density-dependence term as in the first analysis but differed in that stream ID was used as a random 

effect rather than year. 

All top models (∆AICc<3) include a NDVI metric (Table 4).  Significant NDVI metrics are 

negatively correlated with salmon survival. The top model includes the September NDVI metric 

(Figure 14).  The negative relationship between September and August metrics and survival indicate 

that in years when watersheds are greener they tend to be less productive for salmon.  The negative 

correlation between spring green-up and survival suggests that in years when spring green-up is early, 

survival tends to be higher. 

Table 4.  Summary of AICc values for all Ricker mixed-effects models comparing survival and NDVI metrics 

for temporal analysis (among years within watersheds). AICc values represent the trade-off between model 

complexity and fit, where lower AICc values indicate better models relative to other models in the candidate 

set. ∆AICc is the difference in AICc values between model i and the best model. Yellow fill = NDVI metrics 

statistically significant at p<0.01; orange fill p<0.05. 

 

 NDVI Metrics AICc ∆AICc 

1 Sep 620.7 0.00 

2 Spring green up 622.3 1.58 

3 Aug 622.8 2.06 

4 Autumn decline 624.4 3.67 

5 Null Model 624.5 3.74 

6 Jun 625.6 4.88 

7 Jul 625.7 4.96 

8 Oct 626.0 5.23 

9 Summer 626.1 5.31 

10 Mar 626.1 5.34 

11 Apr 626.6 5.90 

12 Max 626.6 5.91 

13 May 626.7 5.98 

14 Spring 626.8 6.03 
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Figure 14.  Mixed-effects regression plots with varying intercept by stream for September NDVI, as a fixed 

effect. This regression model does not include the density dependence term.  Numbers and gray regression lines 

correspond to different streams/watersheds and the black regression line is the mean regression line showing the 

overall effect of September NDVI (i.e. greenness) on recruits per spawner. 

 

 

4.3 NDVI AND CHILKO SOCKEYE SURVIVAL 

A study of the relationship between NDVI and Chilko Lake Sockeye was undertaken as part of a 

larger ongoing DFO project to understand the environmental factors affecting the survival of Chilko 

Lake Sockeye.  This population has the longest, most complete time series of partitioned (freshwater 

versus marine) survival data for Fraser River Sockeye.  Under a separate GRIP
4
 funded project, we 

are examining the role of oceanographic conditions on marine survival.  For this project we use 

watershed conditions as expressed using NDVI to evaluate their role in freshwater survival.   

                                                      
4
 Government Related Initiatives Program, sponsored by the Canadian Space Agency 
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4.3.1 TIME LINE 

Application of NDVI indices to salmon life history requires establishing the timing and locations of 

the biological variables (section 4.3.2).  The timeline for this analysis sets day 0 as January 1 of the 

first freshwater year, at which point salmon eggs are in streambed gravel, in winter, after their 

parents spawned in October, about 76 days previously in the brood year. The end of the timeline for 

direct watershed impacts is a few weeks after May 10, day 495, the mean date of peak out-migration 

of smolts from Chilko Lake (J. Hume, pers. comm. 2009).  Watershed vegetation measurements after 

the smolt run cannot have direct and small spatial scale effects on smolts, although mechanisms at 

regional scales may apply. Environmental effects from before day 0 are certainly possible through 

parental contributions that range from the number and quality of eggs, to lake and watershed 

fertilization by salmon carcasses, and possibly genetic and epigenetic effects from fisheries and 

migration stresses that vary between years.  

 

Figure 15.  Trajectory of a Chilko Lake Sockeye, from the Chilko Lake watershed, then to the Gulf of Alaska 

and environs via the Strait of Georgia and Queen Charlotte Sound, with most returning and spawning after four 

years.  

 

Marine survival estimates include effects in fresh water between Chilko Lake and the Fraser River 

estuary (in other words, mortality on smolts migrating down the Chilko and Fraser Rivers, and 

mortality on adult salmon migrating up the Chilko and Fraser Rivers is included). Smolts arrive in the 

Fraser estuary about 10 days after leaving the lake, about day 505 for Age 1 smolts. From there our 

understanding is that most young Sockeye salmon migrate north through the Strait of Georgia and 

Johnstone Strait, passing through Queen Charlotte Sound on their way north. 

Most salmon that enter the ocean in May-June about 2 years after hatching, spend two winters in the 

ocean, much of it in and near the Gulf of Alaska.  After their second winter in the ocean, most migrate 

from the Gulf of Alaska in their second sea year to the Fraser River, and swim up the Fraser and 

Chilko Rivers to spawn.  They die after spawning in the fourth year of their life, which is again the 

brood year for the next generation. 
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Age 2 smolts stay the lake for a second summer and winter.  They are about 1/65 as numerous as year 

one smolts (suggesting this strategy is occasionally a good idea). Many spawn at age 5 after having 

spent 2 winters in the ocean. 

4.3.2 CHILKO LAKE SOCKEYE VARIABLES 

Figure 16 summarizes statistics on Chilko Lake Sockeye survival, spawner and smolt population 

sizes, smolt body sizes and total smolt biomass, for the approximate period spanned by the NDVI 

time series.  All dates are expressed as brood year (i.e. year of parental spawning).  From plot A, the 

Chilko stock has experienced declines in marine and overall survival since 1986.  In fresh water, the 

period around 1986 had higher than average survivals, and some decline was evident through the late 

1990’s, but since the 2001 brood year the stock appears to have made a remarkable recovery, 

reaching new highs in the mid-2000’s for the time series which began in 1948.  Because the NDVI 
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Figure 16.  Chilko Lake Sockeye statistics.  A, survival metrics, partitioned into marine, freshwater and overall 

(overall survival is scaled x10); B, spawner and smolt age class population sizes; C, age 1 smolt size; D, total 

smolt biomass and biomass per female spawner.  All statistics are expressed by brood year. 
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Figure 17.  NDVI image for August 1, 2006, showing the boundaries of the Chilko watershed used for the 

extraction of NDVI time series. 

 

Figure 17 shows the extent of the Chilko watershed used in the NDVI study.  This August, 2006 

image shows that much of the watershed is mountainous with little vegetation, and the lower, 

northern portion is subject to drying in the summer.  

Figure 18 and Figure 19 summarize the RASTAR correlation results for comparisons between the 

Sockeye time series and NDVI metrics in the brood, freshwater and smolt years (years i, i+1 and i+2).  

Brood year relationships suggest negative correlations between spring (March 21-June 20) NDVI and 

cohort size, measured as counts of Age 1 smolts (cyan plot in Figure 18A) or total Age 1 smolt 

biomass (dark green plot in Figure 19A).  A similar relationship exists for the summed age classes 

(brown plot in Figure 18A), not unexpected due to the relatively small size of the age 2 smolt class.  

Surprisingly we also see a significant correlation between spring brood year NDVI and marine 

survival (Figure 18A blue plot), and an even stronger correlation with summer NDVI (p<0.01). 

Figure 20A and Figure 21A show the correlations for monthly NDVI which help to pinpoint the most 

important times of the year underlying the above relationships.  Age 1 cohort size, expressed as either 

smolt counts or biomass, appear to be most strongly linked to April NDVI (cyan plot in Figure 20A, 

dark green plot in Figure 21A).  Smolt production as smolts per effective female spawner (EFS) is 

most closely (negatively) linked to March NDVI (Error! Reference source not found.A light green 

plot), a reflection perhaps of the positive correlation between EFS count and March NDVI.  Note that 

in this and previous plots, two correlation calculations are shown for EFS and smolts per EFS 

statistics.  In each case the darker coloured plot corresponds to time series that begin in brood year 

1988, the same time period for which other statistics were calculated (e.g., size, weight, biomass).  

However because the EFS and smolts per EFS time series in fact extend further back in time, a 

second set of correlation calculations, displayed in plots in lighter colours, is presented that covers the 

full extent of the NDVI time series (back to 1985).  These correlations are of interest because they 

include the high survival (brood) years 1986 and 1987 (Figure 16A). 
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Figure 18.  Summary of r
2
 for relationships between Sockeye survival and population statistics, and NDVI 

metrics for the Chilko Lake watershed in the brood, freshwater and smolt years (years i, i+1 and i+2).  Negative 

values denote a negative relationship.  The horizontal dashed line represents the critical r
2
 value for the p<0.05 

level of statistical significance.  (Critical r
2
 varies slightly with the number of years in each time series.) 
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Figure 19.  Summary of r
2
 for relationships between Sockeye size and biomass per spawning female, and NDVI 

metrics for the Chilko Lake watershed in the brood, freshwater and smolt years (years i, i+1 and i+2).  Negative 

values denote a negative relationship.  The horizontal dashed line represents the critical r
2
 value for the p<0.05 

level of statistical significance.  (Critical r
2
 varies slightly with the number of years in each time series.) 
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Figure 20.  Summary of r
2
 for relationships between Sockeye survival and population statistics, and average 

monthly NDVI for the Chilko Lake watershed in the brood, freshwater and smolt years (years i, i+1 and i+2).   
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Figure 21.  Summary of r
2
 for relationships between Sockeye size and biomass per spawning female, and 

average monthly NDVI for the Chilko Lake watershed in the brood, freshwater and smolt years (years i, i+1 and 

i+2).   
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Figure 22 shows scatterplots for the strongest monthly relationships for the brood year.  In most 

cases the correlations appear to be statistically robust and not driven, for example, by a single 

anomalous data point.  In fact, the relationship between smolts/EFS and March NDVI (plot B) 

suggests a stronger correlation than indicated by the r
2
 value, with the 2004 brood year constituting an 

outlier.  In addition, the unexpected relationships between marine survival and spring and summer 

NDVI are borne out in scatterplots E and F, as well as a highly significant relationship between July 

NDVI and adult returns (plot G, p<0.01; monthly relationships shown by the dashed line in Figure 

20A).   

Correlations with NDVI in the freshwater year (i+1) of the Chilko Sockeye life cycle are 

summarized in Figure 18B and Figure 19B.  The strongest relationships are again surprisingly with 

marine survival, which is significantly negatively correlated with summer and autumn NDVI, and the 

timing of the annual minimum NDVI.  An examination of the monthly relationships in Figure 20B 

suggests that August is an important month, and the fact that the correlation is negative suggests that 

dry years (with low NDVI) in freshwater produce robust smolts that perform well in the marine 

environment.  On the other hand, Figure 21B suggests that larger smolts are produced in years when 

August is green (red plot), and that freshwater production, as smolt biomass per EFS is also better 

(purple plot). 

A look at the scatterplots for freshwater year correlations (Figure 23) shows that the marine survival 

relationships in A and B rely heavily on the high survival years 1987 and 1988 (corresponding to 

brood years 1986 and 1987 from Figure 16).  The smolt weight and biomass per EFS in C and D are 

strongly influenced by 2005 (corresponding to brood year 2004).  One problem with these latter two 

plots is that they lack data for the earlier high survival years, because the weight and biomass time 

series do not begin until freshwater year 1989.  However, the smolt count per EFS data in plot E does 

extend back to the earlier years, and shows this the relationship, albeit weak, breaks down when these 

years are added.  This suggests that the marine survival relationships are more robust that the weight 

and biomass relationships. 
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Figure 22.  Scatterplots for statistically significant relationships found for Chilko Sockeye brood year.  Data 

points are labeled by brood year.   
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Figure 23.  Scatterplots for statistically significant relationships found for Chilko Sockeye freshwater year (i+1).  

Data points are labeled by freshwater year.  In E, data points prior to 1989 are plotted using open symbols; r
2
 

value in black includes these years, r
2
 in blue does not.  
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Correlations with NDVI in the age 1 smolt year (i+2; for Age 2 smolts this is presumably a second 

freshwater year) are summarized in Figure 18C and Figure 19C.  Again we see negative relationships 

between marine survival and several of the NDVI metrics, in this case including timing of spring 

green-up and autumn decline.  Because the marine survival time series is longer than many of the 

other salmon time series (higher n), the relationships with autumn NDVI and spring green-up timing 

are statistically significant at p<0.05 even though the r
2
 values do not cross the threshold indicated by 

the horizontal line in Figure 18C.   

The size of the Age 2 smolt class, expressed as counts (Figure 18C) or as biomass (Figure 19C)  

shows positive correlations with a number of parameters, including variously, total annual NDVI (we 

exclude winter for this parameter), annual maximum NDVI, timing of the autumn decline (later is 

better) and length of the season.  For Age 1 smolts, since they enter the marine system in the spring of 

this year, any NDVI correlation other than perhaps those involving early spring metrics would 

necessarily be interpreted as a climate indicator rather than as a direct watershed effect.  A number of 

these post- sea entry correlations are seen, including negative relationships between Age 1 smolt 

counts or biomass per EFS and maximum annual NDVI, and between smolt length and weight and 

total annual NDVI.   

Comparisons with monthly NDVI in year i+2 (Figure 20C and Figure 21C) yielded few strong 

relationships other than some winter correlations with December and January NDVI.  Winter NDVI 

estimates tend to be less robust than those from other times of the year due to interferences from 

incomplete snow masking and in particular from cloud, as described in section 2.1.  One highly 

correlated, negative relationship was observed between Age 2 smolt biomass per EFS and March 

NDVI.  A similar relationship for Age 1 smolts in their freshwater year i+1 was not observed. 

Figure 24 shows scatterplots for a selection of statistically significant relationships for the year i+2.  

Note that none show data for the period pre-1990 (equivalent to brood year 1988 in Figure 16) with 

the exception of the age 1 relationship with maximum annual NDVI in plot E. 
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Figure 24.  Scatterplots for statistically significant relationships found for Chilko Sockeye smolt year  i+2 

(second freshwater year for age 2 smolts).  In E, data points prior to 1989 are plotted using open symbols.  
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4.3.3 SELECTED INDICATORS 

The patterns across individual correlations between many Chilko Lake Sockeye growth and mortality 

indicators and many NDVI vegetation indices present both noise (spurious, chance correlations) and 

indicators of ecological mechanisms. Single correlations from this exploratory analysis will be less 

interesting than an emergent pattern of correlations that corresponds to ecological expectations. To 

this end, results from Figure 18 and Figure 19 are inspected for coherent patterns, for corroboration of 

expected links and impossible links, and for surprises. NDVI as interpreted from a fisheries point of 

view is a new observation instrument, an invitation for discovery, so the emphasis at this stage should 

be on finding what is instructive, as opposed to determining absolute probabilities of correlations. 

These considerations were applied in selecting correlations for interpretation in Table 5, from Figure 

18 through Figure 24: 

 For indices of survival in freshwater, we used smolt abundance per effective female spawner 

(EFS), where the latter is a proxy for the number of eggs laid.  

 Density dependent survival has not been considered.  

 Smolt biomass is numbers of smolts times their weight. As above, the biomass of smolts is 

related to the number of eggs (EFS), so biomass is similarly divided by EFS to yield an index of 

production.  The resulting production variable is essentially survival times weight. Changes in 

production can be due to growth rates or mortality rates or both (slow growth rates are often 

linked to high mortality rates). If watershed vegetation affects growth or mortality, this will show 

up as a correlation to changes to production.  

 Smolts, unless specified, refers to Age 1 smolts who stay in Chilko Lake for one winter, and leave 

the following spring roughly a year after they hatched from eggs upstream of the lake. Smolt 

outmigration occurs over approximately one month, peaking about May 10 with no trend in 

timing over the period of the record. Smolts are accurately counted at the outflow of Chilko Lake. 

 Age 2 smolts are those 1 in 65 smolts who spend a second winter in Chilko Lake. They tend to 

leave in the early part of the overall smolt run. Smolting at age 2 increases gene flow between 

cohorts but is also a disaster-avoidance life history strategy. Freshwater survival of Age 2 smolts 

is measured one year later than for Age 1, so they have been exposed to the same environmental 

effects as Age 1 smolts and to some further effects. 

 This is an ad hoc weights of evidence analysis, the correlation values are to be interpreted 

collectively and relatively, not as absolute probabilities of association. For instance, with some 

reliability, zero correlations are seen when zero correlations are expected, which contributes to 

the weight of evidence.  An effect on Age 1 smolts that is seen again on Age 2 smolts would 

contribute to weight of evidence, somewhat diminished because Age 1 and Age 2 smolt counts 

are correlated. 

 The time lags between vegetation measurements and fish measurements are important. Long time 

scales in meteorology (weather, climate) imply large space scales, so vegetation effects involving 

long time lags may represent regional scales rather than watershed scale. A late spring in Chilko 

may be related to a late spring for all of the province including the marine environment..  

 Correlation between a measurement of adult salmon and an environmental effect earlier in their 

life history is to be expected. Note that an effect at one stage in life can mask or confound another 

effect at another stage in life.  
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 Vegetation-related effects must at least have the opportunity to affect fish. That leads to, for 

instance, skepticism about correlations of summer watershed vegetation to smolts after the smolts 

have left the watershed and migrated to the sea (for Age 1 smolts, not Age 2 smolts). 

The resulting Table 5 is organized by years, corresponding to Figure 22, Figure 23 and Figure 24. 

 

Table 5.  Summary of selected associations possible between Chilko salmon life history stages and NDVI 

indices. 

Life Stage  

and Time 

Suggested Relationship 

with Vegetation Notes 

Vegetation Index in BROOD YEAR 

Spawning in late Sept. is about day -100 

Marine Survival 

about day 545 and 

later 

Summer integrated Biomass 

-55%, about day -128  

The less vegetation in the summer when the pre-spawning adults 

are migrating up the Fraser, the lower marine survival of their 

offspring will be.  Even if Chilko watershed summer vegetation is 

related to things like Fraser River summer temperature, 

mechanisms to transfer the effect from parents to smolts are 

speculative: egg quality, epigenetic effects, selection for adults 

that survive poor river conditions results in offspring with poor 

sea survival, etc.  Statistical artifacts must be eliminated first, 
such as temporal autocorrelation of EFS. 

Smolts/EFS (based 

on full time series) 

about day 495 

Winter  Integrated Biomass 

-20%, about day -320 

How the winter before spawning might affect freshwater survival 

measured after 2 more winters is unexplained. 

No relation to length, weight, or 

biomass/EFS 

Suggests that marine and freshwater survival are not due to food 

levels from previous year watershed vegetation. Suggests less 

winter vegetation is related to survival of overwintering eggs or 
fry in spring streams.  

Vegetation Index in FIRST FRESHWATER YEAR 

starts day 0 

Smolt Weight 

about day 525 

Summer Integrated Biomass 

+18%, about day 228 

More vegetation is better. 

There is no equivalent effect on smolt length. 

Length of Season Timing 

+14% 

A longer duration of vegetation is better. 

Spring Green-up Timing 

-12%  

Early springs are better. 

Max of Annual Max 

+10% 

more vegetation is better. 

no relationship of Julian day of Annual Max 

no length relationships Suggests the effect is not more food from watershed vegetation 

Smolt 

Biomass/EFS 

about day 525 

Spring Integrated Biomass 

-37% 

Vegetation in April, May, June is bad but vegetation in August is 

good. This might be about late spring being better, which might 

be hydrology. Fry emerge in early spring and most move to 
Chilko Lake soon. 

August peak vegetation 

+32%, day 228 

Smolt growth and survival improve with more summer 

vegetation. 

Effect may be from Aug peak in correlation of NDVI with weight 

Min of Annual Min 

-19% 

In the previous winter, less vegetation is better, which can also 

mean effects from snow and ice (which are filtered out).  Maybe 
this is about snowpack, hence spring-summer hydrology. 
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Life Stage  

and Time 

Suggested Relationship 

with Vegetation Notes 

 Julian day of  Annual Max 

+14% 

Late vegetation maximum is better, weakly. This is related to late 

springs being better, but no relation appears for Spring Green-up 

Timing. This is not a match-mismatch situation because the 

smolts are already there. Maximum abundance of vegetation is 
not related. 

Smolts/EFS 

about day 525 

Summer Integrated Biomass 

+15%,about day 225 

Survival measured 1 year later is weakly related to more summer 

vegetation. Possibly allocthonous watershed production feeds the 
salmon in the lake. This effect is centered on August, fig. 15B. 

no relation for Summer for the 
1985-2008 survival series  

This is nowhere significant, and is contradictory evidence, not 
confirmatory. 

Age 2 Smolts/EFS 

about day 890  

Min of Annual Min 

-19% 

Less vegetation in winter is better. 

Julian day of Annual Max 

+15%, from day190 to 265 

Late vegetation max is better. 

Max of Annual Max 

+15%, 

Maximum vegetation in winter is better, but not the integrated 

biomass of winter vegetation. 

Julian day of Annual Min  

+12%, from day -40 to +70 

Later winter vegetation minimum is weakly better. 

Vegetation Index in SMOLT YEAR 
Starts day 365. Smolts are only in the watershed for first 5-6 months, except for Age 2 smolts. 

Smolts / EFS 

about day 525 

Max of Annual Max 

-25%, from day 555 to day 620. 

Freshwater survival measured in same year is negatively related 

to the maximum in summer vegetation that will appear 30 to 100 

days after the smolts run. This effect holds for both 1992-2006 
and 1985-2006. 

Smolt 

Biomass/EFS 

about day 525 

Max of Annual Max 

-25%, from day 555 to day 620 

Growth and survival in same year. This differs from above by 

annual changes in Smolt Weight, but the same result appears. 

Age 2 Smolts / EFS 

about day 890 

Julian day of Annual Min 

+27%,about day 325 to 425 

Later winter minimum vegetation two winters before Age 2 

smolts run is better for their survival. 

Min of Annual Min 

-23% 

Winter Integrated Biomass 

-27% 

Less vegetation, two winters before the Age 2 smolts run, is 

better for their freshwater survival. Probably related to survival 
measured earlier of Age 1 smolts.  

Marine Survival  

about day 545 
(early coastal life)  

Min of Annual Min  

-37%,from day 325 to 435  

The less vegetation in the winter before smolting, the better for 

marine survival about 6 months later. 

Spring Green-up Timing 

-22%, varies from day 425 to 
537 

Early spring in the year the smolts go to sea is better for marine 

survival. Corroborated by work showing a strong relationship of 

marine survival to timing spring bloom (earlier is better) in 

Queen Charlotte Sound. 

Autumn Decline Timing  

-20%, varies from day 519 to 

790 

Early autumns are  better after lake and coastal life, probably 

related to Spring Timing. 

Autumn of Integrated Biomass 

-21% 

Goes with overall early year, less left in autumn 
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4.3.4 NDVI LINKAGES IN A LIFE-CYCLE PERSPECTIVE  

The suites of correlations, with notes on timing and initial interpretation in Table 5 are further 

summarized in Figure 25 which organizes observed correlations according to the circle of life for 

Chilko Sockeye salmon.  The details of correlations are lumped into effects on marine survival (grey 

bars), smolt weight and biomass (green bars), and freshwater survival (blue bars).  The lengths of the 

radial bars are proportional to r
2
 which is the % of variance apparently shared by pairs of 

fish/vegetation indices. 

 

Marine Survival: The strongest series of correlations are with marine survival, starting with the 

spawning migration of parents (55%), and then winter (37%) and spring (22%) before smolt 

outmigration. The presence of fall vegetation (20%) in this series is possibly due to the correlated 

timing of spring and fall: growing season length varies less than timing of spring. Two mechanisms 

appear likely: a direct effect on the watershed in the smolt year, and a regional effect transferred 

either by parental effects or an unknown meteorological connection.  

Weight and biomass: The second strong series of correlations are with weight and biomass in the 

winter (19%), spring (37%), and summer (32%) of the first freshwater year. The timing and short lags 

suggest direct effects from the watershed itself, as observed by the vegetation indices. An early spring 

and a long growing season in the watershed are predictors of more and heavier smolts.  Changes in 

 

Figure 25. Marine survival, freshwater survival, and weight/biomass are associated with vegetation indices 

throughout Chilko Sockeye life history. 
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length are essentially not correlated to any NDVI indices. Biomass also contains information about 

smolt freshwater survival. 

Freshwater survival:  The third set of correlations are freshwater survival related to vegetation 

indices in the winter before eggs hatch (20%) and the salmon’s first summer (15%).  There is also a 

correlation of freshwater survival and biomass in the summer after outmigration (25%). The Age 2 

smolts show an effect from the winter before their outmigration (27%). 

 

4.3.1 EXPLOITING THE SPATIAL DIMENSION OF THE NDVI DATA 

The NDVI data provides an important frequent and detailed description of the changes across the 

entire province over 22 years.  We are just beginning to exploit the spatial dimension of the data, and 

experimenting with new methods.  The spatial correlations, such as the Trend of Summer NDVI over 

time in Figure 6 nicely captures where things changed.  Figure 26 illustrates the spatial correlations 

between summer NDVI and marine survival of Chilko Sockeye.  At left, we see that the relationship 

is negative in most areas.  The right panel shows that the relationship was only significant in the 

southern half of the province – mostly within the Fraser Basin.  There are stronger correlations with 

NDVI variations in the valleys and western slopes of the coastal mountains, and in parts of the 

Thomson watersheds.  What does this tell us?  These correlations cannot be interpreted as causative, 

but can provide hints as to where to take the analysis.   

 

4.4 SUGGESTIONS FOR FURTHER ANALYSES 

The amount of raw and processed data, and number of computations and steps behind some of these 

figures is staggering.  The application of the RASTAR tool as an exploratory data analysis of NDVI 

correlations to salmon survival is just the first step in analysis.  Much work remains to be done, but it 

is fair to say that the present results have opened a new field of scientific research. 

A specific probability, such as 5% or 1% confidence limits, cannot be applied to the correlation 

coefficients provided from this analysis.  Relative probability still applies, and environmental effects 

can still be ranked according to how much variance they explain.  

4.4.1 STATISTICAL ISSUES 
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Figure 26. Image regression results for the relationship between mean summer NDVI and Chilko Lake Sockeye 

marine survival.  Left, slope of the linear best fit; right, statistical probability. 

 

 The model being applied is prediction not correlation.  We are interested in greenness predicts 

fish and not fish predict greenness. Application of the regression statistics is the obvious recourse, 

but this will still be wrong because regression assumes zero error in the X values and the NDVI 

indices are proxy variables for some unknown down-to-earth effect, i.e. noisy. 

 The problem is over-determined, with too many predictors available for short time-series. 

Moreover, the NDVI indices are not independent of each other, and neither are the salmon time-

series. This leads to underestimating goodness of fit when there are multiple predictors.  

 A sequence of independent environmental effects throughout the salmon life history will mask 

correlations of individual effects.   

We could address these problems by determining the autocorrelations in the salmon time-series and 

correcting the degrees of freedom, transforming the salmon data to a normal distribution, using 

principle components (factor analysis) to create new and independent variables, applying non-
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parametric correlation statistics, and pursuing multivariate statistics such as stepwise regression.  

However, there is a better approach, with two main aspects: work holistically and simulate the 

expected distributions for measurements possible in the field.  

4.4.2 A HOLISTIC APPROACH 

We recommend looking at environmental influences at each stage of salmon life history and at all 

stages simultaneously. An environmental effect on an early stage can mask (confound) environmental 

effects on a later stage. For instance, unmeasured salmon egg mortality from river water levels would 

mask the effect of cloudiness on salmon mortality in the lake stage, when both mortalities contribute 

to egg-to-smolt survival. A multiple regression approach will help to extract the individual and 

cumulative effects of the environment on salmon survival.  

Better again is a mechanistic simulation model that deals with effects such as the locations of fish 

through their lives, the interrelation of growth rate and mortality rates, size-dependent mortality, 

bioenergetics, etc.: modeling the match-mismatch between timing of spring bloom in lake and ocean 

and the timing of fish life history stages, relates salmon mortality and growth rates to their size and 

location, to food and predators. What is the problem that a salmon’s life-history strategy is the 

solution to? 

4.4.3 INTEGRATING STATISTICS AND SIMULATIONS 

Statistical distributions of expected field measurements and expected correlations can be generated 

from simulation models. This moves the analysis of field data closer to being able to assign absolute 

probabilities. Models may suggest new and insightful variables to measure in the field.  At the same 

time, selecting and refining the mechanisms in the simulation model is guided by fitting dynamic and 

non-linear models to the field data. Such an integrated approach is recommended. It will provide the 

modeling and analysis parts of adaptive management  

This approach is not without challenges: how do we empirically estimate model parameters, and how 

do we explore the behavior of such a model over a potentially very large parameter space? But this 

approach of integrating simulations with statistics will allow moving beyond statistical correlations 

and invites new theories about the Chilko salmon’s life history strategy and vulnerabilities.  

 

5 CONCLUSIONS 

A new field of research was opened by this project, with the discovery that satellite indices of 

vegetation measured as NDVI, hold important explanatory power for fisheries biologists and 

managers.  

No one has previously seen environmental data that is at once macroscopic (province-wide for 22 

years) and detailed (1 km resolution, 10-day intervals).  The large spatial patterns of vegetation 

changes across years are fascinating and insightful imagery, and the image-maps of gradual and 

sudden changes vividly portray events such as forest fires and the Mountain Pine Beetle outbreak, as 

well as showing where and how regional climate changes are appearing.  The data mining 

possibilities have only been sampled, with the following discoveries, where the relative strength of 

association is indicated with the ‘%’ sign: 

 The spatial patterns linking NDVI to stream characteristics critical to salmon spawning and 

survival in the Takla and Thompson watersheds identified links to optimal spawning habitat (50%) 
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and undercut banks valuable as salmon refugia (38%). This holds great promise for monitoring 

key habitat variables for salmon, continuously and over vast areas, a boon to habitat managers. 

 

 Exploring the temporal patterns of Chilko watershed vegetation indices over 22 years, in relation 

to Sockeye survival and growth, revealed a suite of individual effects such as  

o marine survival of smolts from effects during their parents spawning migration (55%) 

and from the winter/spring when the eggs hatch (37%).  

o freshwater survival and summer vegetation (15 to 25%) 

o smolt weight and biomass (but not length) related to greener Spring (37%) and 

summer (32%) 

 

 Stock-recruit relationships for Takla watersheds were significantly improved by factoring in 

maximum and late-summer greenness to explain differences between watersheds (after correcting 

for years), and or by factoring in spring green-up timing and late-summer greenness to explain 

differences between years (after correcting for watersheds). A more sophisticated analysis and 

measure of fit was used compared to preceding analyses. 

 

Some of these effects are mysterious, others appear straightforward, but this conclusion is inevitable: 

The explanatory power from applying NDVI information across a salmon’s life history will be 

dramatic. How predictive our models will be remains to be seen, but will be seen, because the 

weather satellites will produce this data continuously into the foreseeable future. 
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