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Summary 
•Juvenile salmon growth 
•Phosphorus budgeting 
•Restoring and managing 
ecosystem fertility 
 

Kinlochewe River from top of Meall Ghuibhais (Beinn Eighe NNR) 



Feed the land . . . 
(Grazing, Trees & Trout, Aultbea June 2017 

[with The Woodland Trust]) 

www.wrft.org.uk 

1. What is fertility?  

2. Fertile places in Wester Ross 

3. Ecosystems and nutrient flow 

4. Deforestation, fire and loss of 
fertility 

5. Animals and phosphorus export 

6. How to conserve and replenish 
phosphorus? 

 

http://www.wrft.org.uk/


Marine nutrient seminar, Freshwater Lab, 2000 



 
Picture by Ben Rushbrooke 

Wester Ross 
 
Land of glaciated 
mountains, lochs and 
short, swiftly flowing 
salmon rivers . . .  
 
 
 
 
 
 
 
 
 

 



 
Picture by Ben Rushbrooke Torridon and Liathach by Lulu Strader, Sept 2010 



 
Picture by Ben Rushbrooke 

. . . underlain by  
Torridonian sandstone 
and Lewisian Gneiss. 

 

 

hard, resistant to 
weathering,  

un-yielding rock. 

 

 



 
Picture by Ben Rushbrooke 

Fionn loch and Dubh loch 
from Beinn Airigh charr 

Uninhabited ‘wilderness’ . . .  



Strath na Sealga, upper Gruinard: note alder woodland along floodplain 

 

Unstable rivers 



 
Picture by Ben Rushbrooke 

with ‘near pristine’ oligotrophic lochs? 

Loch Maree . . . .  



 
Picture by Ben Rushbrooke 

Sundew Bog asphodel 
Narthecium ossifragum 

"bone breaker " 

. . . a naturally infertile, nutrient deficient, unproductive landscape? 



What limits 
juvenile 
salmon 
production 
in Wester 
Ross? 



Example: The Little Gruinard River 

Special Area of Conservation for Atlantic Salmon . . . Atlantic 
salmon. 

https://www.wrft.org.uk/downloads/files.cfm?id=29 

https://www.wrft.org.uk/downloads/files.cfm?id=29


Juvenile salmon survey 

 

 

 

 

 

Plenty of salmon fry 
and parr in the main 
river  . . . 

. . . but many of them 
are very small . . . 



Gairloch Primary 6 

and 7 pupils on a 

Life in Lochans 

fieldtrip. 
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Near redds: 

lots of small 

fish 

Juvenile salmon 

abundance 

Little Gruinard  River in 

2006 

Little 

Gruinard 

River 

 



Gairloch Primary 6 

and 7 pupils on a 

Life in Lochans 

fieldtrip. 
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Near redds 

lots of small 
fry 

At loch outlet 

fewer big fry 

Juvenile salmon 2006 Little Gruinard 

River 

 



Small fry . . . . . . . . . and small parr 

Lower Flats of 

Little Gruinard 

E-fish survey 23 August 2006 

Near redds 

lots of small 
fry 



Stepping stones (below Fionn Loch) 

Big one year old parr 

At top of Little Gruinard River below Fionn Loch 

fewer big fry 



Gairloch Primary 6 

and 7 pupils on a 

Life in Lochans 

fieldtrip. 
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Near redds 

lots of small 
fry 

At loch outlet 

fewer big fry 

Juvenile salmon 2006 Little Gruinard 

River 

 



Why is there such 

variation in growth 

rates?  

photo by Nick Benge 



Growth and 

production of 

juvenile salmon 

depends upon 

food availability 

Stonefly and Mayfly larvae 



•Where juvenile salmon densities are high, 

growth tends to be slower. 

•Where juvenile salmon densities are low, 

growth tends to be faster. 



What 
determines 
food 
availability? 



Biological productivity in Wester Ross is primarily 
limited by the availability of phosphorus, P 

 

(refs: e.g. McVean’s fertilisation trials at Beinn Eighe NNR) 



Phosphorus 
 

 

 

Assorted bones, Aultgrishan shore 3rd April 2016 

Phosphorus is essential to all 
life forms.  



Kinlochewe River from top of Meall Ghuibhais (Beinn Eighe NNR) 

Most river catchment areas in Wester Ross have very 
limited phosphorus availability. 

Quartizite (c. glass. . .). 



Beannach lochs 

Fionn Loch 

from Beinn Airigh charr 

What determines phosphorus availability? 



 
Picture by Ben Rushbrooke 

Fionn Loch islands, Little Gruinard catchment.  

Trees!  

(no fires, no grazing) 

Fionn Loch Trout (caught by Ala MacKenzie) 



Boulders with berries in the 
Little Gruinard River  



Boulders with berries in the 
Little Gruinard River  



Boulders by the Little Gruinard River, 
September 2016  



May, 2010 September, 2016 

A boulder by the Little Gruinard River   

Succession: ecosystem development 
 



A deer carcass 
contains ~1 kg of 
phosphorus, 
mainly in bones. 
 
 

Lichen, moss;  
meadow pipit. 
 
 
 
 
Bird droppings.  
 
 

Succession: ecosystem development 
 
Q.  Where does the phosphorus come from? 



A deer carcass 
contains ~1 kg of 
phosphorus, 
mainly in bones. 
 
 

Lichen, moss;  
meadow pipit. 
 
 
 
 
Bird droppings.  
 
 

Lichen, moss, grass, 
heather, rowan tree; 
spider’s web, meadow 
pipit 
 
 
Bird droppings, spider 
droppings, trapped 
midges . . . 
 
 

Succession: ecosystem development 
 
Q.  Where does the phosphorus come from? 



A deer carcass 
contains ~1 kg of 
phosphorus, 
mainly in bones. 
 
 

Succession: ecosystem development 
 
Q.  Where does the phosphorus come from? 

Lichen, moss;  
meadow pipit. 
 
 
 
 
Bird droppings.  
 
 

Lichen, moss, grass, 
heather, rowan tree; 
spider’s web, meadow 
pipit 
 
 
Bird droppings, spider 
droppings, trapped 
midges . . . 
 
 

Lichen, moss, grass, 
heather, blaeberry, 
rowan tree;  
spider’s web, crow perch 
 
 
Bird droppings: crow, 
thrushes, pipits, wren; 
spider droppings; dead 
insects . .  



A deer carcass 
contains ~1 kg of 
phosphorus, 
mainly in bones. 
 
 

Succession: ecosystem development 
 
Q.  Where does the phosphorus come from? 

Lichen, moss;  
meadow pipit. 
 
 
 
 
Bird droppings.  
 
 

Lichen, moss, grass, 
heather, rowan tree; 
spider’s web, meadow 
pipit 
 
 
Bird droppings, spider 
droppings, trapped 
midges . . . 
 
 

Lichen, moss, grass, 
heather, blaeberry, 
rowan tree;  
spider’s web, crow perch 
 
 
Bird droppings: crow, 
thrushes, pipits, wren; 
spider droppings; dead 
insects . .  

Lichen, moss, grass, 
heather, blaeberry, rowan, 
birch, juniper, crowberry, 
bearberry, juniper, willow; 
spiders web; wren, 
stonechat, bird’s nest . . .   
 
Bird droppings; Pine 
marten droppings; spider 
droppings, dead insects . . . 



A rainforest 
ecosystem 
on a 
boulder? 

out of reach of fires 
and grazing animals 



Little Gruinard River 

Most Atlantic salmon return to freshwater only once to spawn . . .   



 
Picture by Ben Rushbrooke 

Salmon jaw and primroses, 
as found, May 2010 



Adult salmon provide food for juvenile salmon  



In the past, many more 
salmon returned to 
Scottish rivers from the 
sea each year. 

 

 

How much marine 
nutrient was 
transferred to 
terrestrial ecosystems 
in Scotland in the past? 

 



Smolt condition is important (e.g. Armstrong et al, 2018) 
What is the importance of salmon 

eggs as a food for pre-smolt salmon 

parr in oligotrophic streams? 

 

 

  



To what extent does food availability affect the reproductive 

success of freshwater pearl mussels in Wester Ross? 

Freshwater pearl mussels, in situ, in the 

River Kerry. Note the green periphyton 

growing on the mussels.  

 

Population healthy with plenty of young 

ones. 

 
(GoPro Video still) 

Freshwater pearl mussel, in situ, in the 

Little Gruinard River. Note the lack of 

green periphyton growing on the 

mussels and streambed. 

 

Just a few starving old mussels here? 

No recent recruitment (to my 

knowledge).  

 



photos by Amy Gulick 

"…what if I told you that the trees are here, 

in part, because of salmon? That the trees 

that shelter and feed the fish, that help 

build the fish, are themselves built by the 

fish?"  

      -- Carl Safina, essayist for Salmon in 

the Trees  



 
Picture by Ben Rushbrooke See www.wrft.org.uk 

 

http://www.wrft.org.uk/


The Island of Longa (Loch Gairloch) is enriched with 
nutrients from nesting sea birds, and provides good winter 
grazing for sheep. 

Its not just salmon that move nutrients about  



 
Picture by Ben Rushbrooke 

Islands around Loch Ewe 

have also been fertilised by 

sea birds 



 
Picture by Ben Rushbrooke 

Isle of Ewe: breeding area for Greylag geese 
and herring gulls  

Seagull pellet 



Upland areas in Wester Ross are not uniformly infertile . . .  

Watching an eagle above Beinn Eighe NNR 



Rocks and knolls in prominent positions in upland areas have been 
enriched with nutrients delivered by birds and mammals. 

Raptor perch in Beinn Eighe NNR 



Why is this rock green? 

Otter spraint with fish bones. 



Eagle pellet (containing fur) and grouse 
dropping from a green knoll in the Tollie Hills 



 
Picture by Ben Rushbrooke 

Isolated oak tree, North Erradale (where 
crows and a buzzard often perch) 



 
Picture by Ben Rushbrooke 

kenyatravels,.com 

Leopard with antelope in acacia tree 



http://www.pnas.org/content/113/4

/868.full.pdf 

 

Phosphorus transfer is 
much depleted 
compared to the past 

There is a need to 
restore and manage 
fertility more carefully? 

http://www.pnas.org/content/113/4/868.full.pdf
http://www.pnas.org/content/113/4/868.full.pdf


 
Picture by Ben Rushbrooke 

What is fertility? 
 

Soil fertility: refers to the ability of a 
soil to support plant growth 
 



 
Picture by Ben Rushbrooke 

Fallen Douglas fir in Flowerdale 

 

 

 

This decomposing tree now supports a 
diverse assemblage of lichens, mosses, 
ferns, grass, blaeberry, cotoneaster, a 
small rowan tree, and a birch tree.  
 

Look: . . . no soil  !  
(except the birch) 
 

Nutrients are being 
obtained almost entirely 
from the decomposing tree.  



 
Picture by Ben Rushbrooke 

?Ecosystem fertility: the ability of an 
ecosystem to circulate life-sustaining 
nutrients to its component parts. 
 

(from ‘Refertilising Scotland’ presentation at ‘Reforesting Scotland’ meeting in 
Torridon Community Centre, September 2010)  

 

Soil fertility: the ability of a soil to 
supply plant nutrient. 

Fertile & productive ecosystems need not be 
dependent upon fertile soils if nutrients can be 

recycled and circulated within the biota. 



Ecosystem nutrition: forest strategies for limited phosphorus resources 

https://www.bodenkunde.uni-freiburg.de/forschung/SPP1685 

https://www.bodenkunde.uni-freiburg.de/forschung/SPP1685
https://www.bodenkunde.uni-freiburg.de/forschung/SPP1685
https://www.bodenkunde.uni-freiburg.de/forschung/SPP1685


Phosphorus availability is dependent upon ecosystem processes . . .  



 
Picture by Ben Rushbrooke 

Simplified Phosphorus budget model! 
 

P cycling 

Soil / 
Sediment    
(P ‘bank’) 

Biota P 

Ecosystem 

P imports P exports 

(can be what ever scale you choose) 





A salmon carcass represents about 15g of 
phosphorus, enough fertiliser to produce 
5kg to 7.5kg of dried plant material.  

Phosphorus budgets: what 
can we quantify? 



A deer carcass 
contains ~3 kg of 
phosphate:  
mainly in bones. 
 

The removal of 
deer, sheep or 
cattle from upland 
catchment areas 
represents an 
unnatural loss of 
nutrient from the 
ecosystem. 
 



Andy Hay (rspb-images.com) 

Phosphorus loss of ~0.1 kg /Ha/yr of P . . . = 10kg /km2/yr of P  

http://www.thefield.co.uk/stalking-2/where-to-go-stalking-in-scotland-in-2016-29934 
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200 salmon carcasses contain roughly the same 
amount of phosphorus as three red deer or 

about 1,000kg – 1,500kg of dried plant material 

x 200 x 3 

Phosphorus budgets  

x 1,000kg 

=  ~ 3kg of 
Phosphorus 

or or 



http://img.myswitzerland.com/mys/7398/images/buehne/STS2740-1.jpg 

 

https://www.graubuenden.ch/sites/default/files/styles/grf_global_s/public/story

_image/natur-essvm-rothirsch-nationalpark.jpg?itok=vc9uv8I9 

 

https://www.graubuenden.ch/en/discover-our-regions/swiss-national-park-and-

further-parks 

 

Fertility studies of grazing areas in the 
Swiss National Park 

http://img.myswitzerland.com/mys/7398/images/buehne/STS2740-1.jpg
http://img.myswitzerland.com/mys/7398/images/buehne/STS2740-1.jpg
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http://www.fs.fed.us/rm/pubs_other/rmrs_

2006_schutz_m001.pdf 

 

Shultz et al (2006) 
demonstrated that 
within the Swiss 
National Park [SNP]  
red deer move 
phosphorus by 
defecating in different 
areas from where they 
graze.   
 
They recognised a long 
term nutrient depletion 
from grazed areas 
within the SNP. 

http://www.fs.fed.us/rm/pubs_other/rmrs_2006_schutz_m001.pdf
http://www.fs.fed.us/rm/pubs_other/rmrs_2006_schutz_m001.pdf


 
Picture by Ben Rushbrooke 



http://www.fs.fed.us/rm/pubs_other/rmrs_2006_schutz_m001.pdf 

http://www.fs.fed.us/rm/pubs_other/rmrs_2006_schutz_m001.pdf


http://www.fs.fed.us/rm/pubs_other/rmrs_2006_schutz_m001.pdf 

In this study, the soil P pool over 
much of the study area was typically 
between 200 and 300 kg P /ha. 
 
Across much of Wester Ross (e.g. 
Inverasdale grazings area; Beinn 
Eighe NNR)  it is probably usually 
much less than that . . .   

http://www.fs.fed.us/rm/pubs_other/rmrs_2006_schutz_m001.pdf


Andy Hay (rspb-images.com) 

www.mdpi.com/2071-1050/1/2/104/pdf 
Subsequently, Flueck (2009) produced 
much larger estimate of 0.32 kg/ha/yr of P 
transfer from out of the Swiss National 
Park on the basis that most deer die or are 
killed by hunters outside the park during 
autumn and winter months. 
 
Is this the sort of analyses that could be 
repeated for individual estates, Beinn Eighe 
NNR & Deer Management Group areas to 
understand long term changes in P 
availability, and the size of the P deficit?  
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http://nrossdmg.deer-management.co.uk/wp-
content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf 
 

I can’t find any targets for 
maintaining the P fertility of deer 
pasture areas, to sustain levels of 
deer production?  
 

Has this been investigated?  

http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf
http://nrossdmg.deer-management.co.uk/wp-content/uploads/2016/06/Deer-Management-Plan-2014-2019.pdf


Picture by Sue Holland 

Deer Management 
Report January 2020:  
New deer management 
legislation proposed 

Have 
recommendations 

for managing 
ecosystem fertility 
been considered? 



 
Picture by Ben Rushbrooke 

Little Gruinard River, May 2010 (inside fenced enclosure) 
   Wildfire in 2007 



 
Picture by Ben Rushbrooke 

Vegetation on this boulder survived 
the fire.  



How much phosphorus is lost in a moor burn? 

25% of the P in vegetation and leaf litter was lost on burning 
and not recovered within 10 years, representing a loss of over 
2kg of P per ha. 
 
(2kg P is the equivalent to that in about 4 sheep) 

Nutrient Balance Sheet for an Area of Lowland Heath (expressed as kg per ha)

from Webb, 1986

Sodium 

(Na)

Potassium 

(K)

Calcium 

(Ca)

Magnesium 

(Mg) 

Phosphorus 

(P)
Nitrogen 

(N)

Vegetation (heather heathland) 4.7 34.3 33 13.4 4.1 107.7

Leaf litter 0.7 5 15.2 3.8 4.2 74.5

Total 5.4 39.3 48.2 17.2 8.3 182.2

Soil (0-20cm) 84 288 229 236 37 2210

% [of P] in veg. and leaf litter lost on burning 28% 21% 26% 23% 26% 95%

amount remaining after burning 3.9 31 35.7 13.2 6.1 9.1

amount lost 1.5 8.3 12.5 4 2.2 173.1

Nutrient content of 1 years rainfall 25.4 1.2 4.7 5.6 0.01 5.2

Nutrient content of 12 years rainfall 305 14 56 67 0.12 62

Nutrient balance after 12 years +303 +5.7 +43.5 +63 -2.08 -111

Figures are in kg per ha



Large areas in Wester 

Ross were burned by 

wildfire in 2019 and in 

previous recent years. 

 

Many of the fires were 

started for land 

management purposes. 

 

 



Hypothetical annual P budget  example for 1km2 of uninhabited unfertilised 
Wester Ross deer forest (i.e. open hill) burned every 40 years and stocked at 8 

deer per km2 where 1 deer is culled and carcass removed each year 

Ecosystem: possible net loss of >9kg  P  per km2 per year? 

Anthropogenic 6kg 
(Exported deer carcasses 1kg;  
smoke and ash if burned every 
40 years, 5kg [based on loss of 

200kg P with each fire]) 

P exports 13kg  

Physical and chemical 4kg 
(soil erosion and leaching 4kg, 

possibly very much more 
where soil poached) 

Biological (wild) 3kg 
(deer faeces in run-off 2kg 

when soils and vegetation thin; 
blown grass, leaves, etc. 1kg) 

Anthropogenic 1kg 
(Feed block 0.2kg; other 

humans & dogs . . . 0.8kg) 

P imports 4kg 

Physical and chemical 2kg 
(Rain 1kg P; Rock 1kg P) 

Biological (wild) 1kg 
(Fish, otter and birds 1kg or 

more if sea birds come inland) 

P cycling 

Soil (P ‘bank’) 

Biota 
P 

9+kg 



There are many parts of the world where levels of fertility 
have fallen as a result of human impacts. 

www.sacredsites.com 



Deforested hills in Madagascar . . .  



 
Picture by Ben Rushbrooke 

http://seekingalpha.com/article/182522-taking-stock-of-phosphorus-and-biofuels 

 

We may run short of phosphorus in future years. 
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Opportunities for new 
Wester Ross Biosphere? 

 

• Develop a clearer 
understanding of ecosystem 
nutrition; 

•  Ecosystem fertility 
restoration and management 
studies; 

•  Demonstration projects to 
learn and extend information 
about managing fertility.  

•  ‘Think globally . . . 
(productive landscapes), . . . 
act locally’. 

Beinn Eighe NNR 

http://www.hutton.ac.uk/sites/default/files/images/research/Hare4Web
_345x250.jpg?1344266952 
 
 

https://www.rspb.org.uk/Images/1019686_tcm9180321.jpg?width=118
4&height=493&crop=auto 
 

http://wild-scotland.org.uk/wp-content/uploads/2011/05/Black-

Grouse-lekking-HRM.jpg 
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Ecosystem nutrition in Wester Ross: conserving & replenishing phosphorus    

DRAFT 1 



Larachantivore woodland (upper Gruinard) . . 
.  

A little fertiliser, fairly often (not a lot of fertiliser all 
at once) . . ?  

 

A bit like feeding the birds . . ?  

http://l7.alamy.com/zooms/db5ee27981cc

47e59486d73529045ff4/bush-toilet-loo-

with-a-view-s15x3n.jpg 
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Conclusions 

•Juvenile salmon production depends upon food 
availability in most rivers in Wester Ross. 

•Phosphorus is the limiting nutrient across much of 
Wester Ross.  

•There has been a decline in the transfer of 
phosphorus into and across much of Wester Ross; 
the landscape and biota are malnourished. 

•Phosphorus budgeting is needed to rebuild 
ecosystem fertility at river catchment scales to 
revive wild salmon populations and other life. 



http://www.mountainbothies.org.uk/cust_images/bothy%20image

s/Shenavall---Alan-Bellis.jpg 

(big) Gruinard River 
headwaters  

Sheneval bothy at the 
foot of An Teallach is 
popular with hill 
walkers (and salmon 
poachers!) . . . 

Nearby soils are richer 
in earthworms and 
support a (?healthy) 
population of moles . . . 
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These are oak trees!!  

Sheneval 
bothy 



(big) Gruinard River 
headwaters  

Sheneval bothy at the 
foot of An Teallach is 
popular with hill 
walkers (and salmon 
poachers!) . . . 

Nearby soils are richer 
in earthworms and 
support a (?healthy) 
population of moles . . . 

The stream is green and 
mossy . . . 



Dundonnell 
Estate plankton 
sample analyses 
training 
Hugh Richards 
(WRF) and  
Jim Raffell 
(FRS) 

. . . and supports fat, healthy salmon parr . . 
. 



Kinlochewe waste water 27 Apr 2011 

Waste 

water 

pipe  

Kinlochewe River  

small fry 

big fry 

Salmon fry grow faster 
below waste water pipe 
than above waste water 
pipe! 



Thank you 

www.wrft.org.uk 

 
http://www.thevitruvianman.org/metaphor-on-a-wild-

raspberry/ 

 

http://www.wildlifeextra.com/resources/listimg/

news/golden-eagle_carcass@body.JPG 

http://www.goodforewe.org/ 
 

http://www.mammal.org.uk/sites/default/files

/Woodmousenut_GaryCox_HighRes_0.jpg 
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