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 ABSTRACT  

Manipulation of food quality and quantity by black brant geese 
 

Susannah Ferson 
 

High abundance and survival of eelgrass (Zostera marina), a foraging resource in 

Humboldt Bay, California is imperative to the success of the black brant goose (Branta 

bernicula nigricans) population. The grazing optimization model predicts an increase in 

net primary production of leaf biomass with moderate levels of grazing, exceeding that of 

ungrazed plants. I used a modified replicated block design to test this hypothesis. 

Experimental effects of clipping (simulated grazing) and fecal application on leaf growth 

rate, shoot density, shoot biomass, leaf nutrient content, rhizome biomass, and 

reproductive potential of eelgrass were examined during the spring and summer for two 

years. Moderately grazed eelgrass experienced higher leaf growth rate in year two and 

higher shoot densities in both years. Young leaves had higher nitrogen content than old 

leaves. In year one, grazed and fertilized eelgrass had higher number of inflorescences. 

Shoot biomass was greater in the grazed and fertilized treatments in the last period of 

2004 and in periods one, three and four in 2005. Rhizome biomass was greater in the 

grazed treatments during period four of 2004 and in the moderately grazed treatment in 

2005. Eelgrass has a central role in the success of many species living in the estuarine 

environment. Further understanding the interactions among species in this delicate 

ecosystem will help agencies manage for a healthy seagrass habitat and promote high 

species diversity in bays worldwide. 
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INTRODUCTION 

The act of grazing and fecal fertilizing by herbivores affects plant productivity 

and the animal communities that plants support (McNaughton 1979, Jefferies 1988). 

Herbivores� effects on plants depend on the extent and duration of grazing, the plants� 

life history stage at the time of grazing, and whether or not meristems are damaged. A 

meta-analysis of the effects of terrestrial herbivores on a variety of plants showed that 

herbivory did not usually increase primary productivity, especially in the case of woody 

dicots with vulnerable meristems (Hawkes and Sullivan 2001). Exceptions identified in 

the meta-analysis occurred in the class of monocots in environments with adequate 

resources required for growth (e.g. light, nutrients, and water).  

 In many plant communities herbivores have a negative effect on growth and 

production of their food plants (Hawkes and Sullivan 2001, Gurevitch et al. 2006). The 

grazing optimization model suggests, however, that moderate levels of food depletion 

occasionally enhances yield of that food realized over short and long-time scales 

(McNaughton et al.1996). Enhanced production after grazing, referred to as 

overcompensation (McNaughton 1983) has been demonstrated in several terrestrial 

ecosystems and, more recently, in marine ecosystems (Moran and Bjorndal 2005, 

Valentine and Duffy 2006).  

Where plant growth is rapid, herbivores may return within days to previously 

grazed sites to capitalize on tender and highly digestible regrowth (Bjorndal 1980, Prins 

et al. 1980, Zieman et al. 1984). In slow-growing plant communities, annual depletion by 
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herbivores may limit growth of some species and favor others by increasing their chance 

of establishment, resulting in food plants that are more accessible and palatable 

(McNaughton 1979, Preen 1995, van Eerden et al. 1996). 

Arctic geese in the northern hemisphere are ubiquitous herbivores that travel 

seasonally following the emergence of favored food plants (Owen 1980, Drent and Prins 

1987, van Eerden et al. 1996, Drent et al. 2006, Black et al. 2007). The relationship 

between some species of geese and their forage appears to be tightly coevolved (Jefferies 

1988, van Eerden et al. 1997). Geese depend on nutrients gained at spring staging areas to 

complete migrations and to maintain body condition required for producing and 

incubating a clutch on their breeding grounds (Ankney and MacInnes 1978, Raveling 

1979, Prop and Black 1998). Most populations of North American and European goose 

species forage on agricultural land during spring staging (Nelson and Bartonek 1990). 

North American black brant (Branta bernicla nigricans) populations, however, forage 

almost exclusively on Zostera marina (eelgrass hereafter) (Reed et al. 1998, Ganter 2000, 

Moore et al. 2004). Brant are also reported to consume green algae, salt marsh plants, and 

cultivated field grasses, especially on the Atlantic coast and in Europe (Madsen et al. 

1999, Ward et al. 2005).  

There is a strong spatial relationship between spring distribution of brant and 

eelgrass along the Pacific Flyway (Reed et al. 1998, Ward et al. 2005). Changes in the 

availability of eelgrass have had dramatic effects on brant populations in North America 

(Rasmussen 1977, Moore et al. 2004, Ward et al. 2005) and in Europe (Ogilvie and 

Matthews 1969, Clausen and Percival 1998, Ganter 2000).



12 

 

Eelgrass, a basal meristem monocot, is a seagrass that is threatened throughout the 

Pacific Flyway (Ruckelshaus 1994, Hemminga and Duarte 2000) and is listed as a global 

priority species for identifying wetlands of international importance (Davis 1993). 

Seagrasses invest most heavily in asexual reproduction via a dense network of below 

ground rhizomes (Tomlinson 1974), but each summer reproductive shoots emerge to 

support inflorescences that float vertically in the water column (Walker et al. 2001). 

Expanding oyster culture practices, high sediment and chemical loading, dredging, rising 

water temperatures, and invasive species are all considered potential threats to eelgrass 

(Ward et al. 2002). Although Humboldt Bay is pristine relative to other bays and 

estuaries along this flyway, suspended sediment loads that attenuate light as well as 

development activities threaten this source of food that is so important to the brant 

(Shaughnessy et al. 2007).  

In this study, my objective is to assess the effects of brant herbivory on its 

primary food source, eelgrass. In particular, I quantified the plants� response to different 

levels of field-simulated grazing and fecal fertilizer addition in terms of short-term 

growth of leaves, shoot densities, shoot biomass, and leaf nutrient content. I also 

determined the plant�s response in terms of asexual and sexual reproduction, responses 

that have long-term consequences. I hypothesize that brant grazing has a positive effect 

on eelgrass in Humboldt Bay. If so, I expect the response variables listed above to be 

higher in the simulated grazed eelgrass treatments that most closely mimic how brant 

feed in Humboldt Bay.
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STUDY SITE 

Humboldt Bay, (40.71694°N 124.22401°W) is the second largest estuary in 

California and contains one of the largest stands of eelgrass between Mexico and 

Washington (Figure 1). Humboldt Bay is the fourth most important spring staging site for 

brant in the Pacific Flyway and supports approximately 1,044 ha of eelgrass that varies 

significantly in density and nutritive quality (Moore et al. 2004, Moore and Black 2006a). 

Isolated bays, such as Humboldt Bay, serve an important role in the ability of brant to 

ready themselves for reproduction, as alternate feeding sites are located far away (Moore 

et al. 2004). There are two distinct sections of the bay; the northern section is Arcata Bay 

and the southern section is South Bay. Approximately 81 percent of the South Bay is 

composed of mudflats supporting 720 ha of eelgrass (Barnhart et al. 1992). South Bay 

supports 78 to 94 percent of the migratory brant population stopping over to �refuel� at 

the bay each year (Moore et al. 2004). I conducted this study in the southeast section of 

South Bay (Figure 2).  

After a period of decline in brant use of Humboldt Bay between the mid 1950s and the 

mid 1980s, brant numbers have increased possibly due to changes in hunting patterns 

(Moore and Black 2006b). In recent years, approximately 60% of the Pacific Flyway 

population visits Humboldt Bay on their return migration to Alaska, between late 

December and mid May, with peak numbers (~ 20,000) occurring in mid March (Figure 

3) (Lee et al. 2007, Humboldt Bay National Wildlife Refuge 1989). Based on resighting 

of tarsal bands, individuals stay for an average of 26 days at the bay (Lee et al. 2007). In 
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Humboldt Bay, eelgrass availability is restricted by diurnal tidal cycles as a tidal depth of 

<0.9 is required for brant to feed in the highest elevation beds (Moore and Black 2006a). 

Foraging brant flocks distribute themselves in the deepest possible areas, which contain 

higher biomass and the most nutritious plants (Moore and Black 2006a). When eelgrass is 

unavailable, brant roost on sand spits extending to the entrance of the bay (Lee et al. 

2004, Figure 2).
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Figure 1. Location of study area in relation to California and the Pacific Ocean. Modified 
from Barnhart et al. (1992).
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Figure 2. Aerial photo of South Bay eelgrass beds with the study site and primary brant 

roosting area highlighted in red. 
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Figure 3. Number of brant geese on South Humboldt Bay during spring staging in 2003-
2004, 2005 and historically 1990-2000 (Moore et al. 2004, Moore and Black 2006a, 
Lee et al. 2007). Where appropriate, 2003-2004 data represent the average (± 
standard error) of one to three surveys taken within the 15-day period.
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MATERIALS AND METHODS 

To effectively exclude foraging brant geese, thirty six 49m2 exclosures were 

erected in December 2003. I used 3m long poly vinyl carbonate poles driven into the 

substrate every 0.8m, forming 19m x 3.5m rectangles. The PVC poles did not physically 

prohibit brant from entering exclosures. However, they were an effective deferent due to 

their density. Within each exclosure I manipulated eelgrass to simulate different aspects 

of foraging by the geese. Each exclosure contained four treatment areas measuring 

2.25m2 and separated by a 2m buffer to provide independence (Figure 4). There were six 

replicate exclosures for each of six sampling periods. I obtained a permit to exclude brant 

from a feeding site from Humboldt State University�s Institutional Animal Care and Use 

Committee (IACUC number 02/03.W.59.E). A California Fish and Game scientific 

collecting permit (number 803018-02) was obtained for harvesting eelgrass. 

In both years, I administered treatments during peak brant presence (Bjerre et al. 

2005). The first treatment was applied in late March and the second treatment was 

applied in mid April. This 2.5 week interval mirrors accessibility that the geese would 

have to the eelgrass beds according to the tidal cycle. Year one treatments were designed 

to mimic moderate brant visitation (i.e. two visits to the same eelgrass patch) and to 

examine separate effects of grazing and fecal addition. The parameters of moderate 

grazing were set to simulate grazing and defecating behavior of brant at this site. Brant 

feed while floating above eelgrass as tides recede and do not typically disturb eelgrass 
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shoot apical meristems. Brant also return to re-graze the tender, nutritious new leaves 

(Moore 2002). Therefore, treatments are applied twice during a lower low tide as follows:  

Treatment one was clipped. Treatment two was clipped + fecal fertilizer. Treatment three 

was fecal fertilizer only. Treatment four was the control. The use of the word control here 

is used to mean no visitation by brant and does not mean the eelgrass was not exclosed. 

In clipped treatments, each shoot within the treatment area was �grazed� with scissors to 

45cm above the substrate. In fecal treatments, the amount of fecal fertilizer applied in 

represent one hour of brant use per exclosure. Brant defecate approximately every five 

minutes and goose densities equal about two geese per 1.5m2. Therefore, 117.5g of brant 

fecal matter was evenly distributed throughout the treatment area. Control treatment areas 

were approached in the same manner the �grazed� treatments were to ensure an equal 

effect of substrate disturbance, but were left untreated. 

In December 2004, 24 exclosures (19.0 m x 5.0 m) were constructed within the 

unused buffer areas of the previous years study site. In the second year, I manipulated 

three 9.0m2 treatment areas separated by a 2.0m buffer to provide independence within 

each exclosure. 

Year two treatments were designed to compare eelgrass responses to moderate 

and high levels of grazing. The moderate clip length of 45.0 cm in year two was the same 

as for year one. Likewise, the same amount of fecal matter was added per unit of bed area 

in year two as in year one. The total amount of fecal material added (235.2 g wet wt) was 

greater in year two because the treatment area used was larger. In the over use treatment, 

eelgrass was clipped to 15.0cm and a higher amount of fecal material per unit area 
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Figure 4. Experimental setup in year one is shown at the top. Setup includes one 14.0 x 
3.5m exclosure with four treatment areas. There were 36 exclosures (six sample 
times, n=6/time) in 2004. Experimental setup in year two is shown at the bottom. 
Setup includes one 19.0 x 5.0m exclosure with three treatment areas. There were 24 
exclosures (four sample periods, n=6/period) in 2005. In both years, PVC poles were 
placed at 0.8m increments to exclude geese.
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(705.6 g wet wt) was added to represent 12 grazing geese that would add three times as 

much fecal fertilizer to the area. This scenario could also exist with four geese grazing the 

plot for a longer duration (three hours) than the moderate treatment. The control 

treatment area was approached but left untreated. 

Treatment application 

Numerous measures were taken to prevent damage from researcher presence to 

the seagrass bed. The eelgrass bed was accessed via kayaks and equipment was delivered 

using a small boat. Body boards were used to transfer field assistants and gear over the 

eelgrass bed when it was not covered by water. Each person used two boards and crawled 

from one board to the next in a leapfrog routine. No walking occurred within or outside 

of treatment areas. Assistants worked in pairs, one person on either side of the treatment 

within the exclosure.  

Brant fecal material was collected from the bird�s main grit site (Lee et al. 2004). 

Half of the fecal fertilizer for each treatment was mixed with seawater and evenly 

dispersed throughout the treatment area and the other half was divided into clumps and 

lightly pressed into the substrate to minimize dispersion via tidal water movement. 

Eelgrass blades were moved aside to allow fecal fertilizer to contact the substrate.  

After shoots were clipped and fecal fertilizer was applied, I marked all shoots 

within the center of the treatment area to assess growth rates during subsequent sampling. 

To mark shoots, I poked a small hole with a hypodermic needle, in each shoot 5.0mm 

below the lowest leaf sheath that was actively producing new leaves. This final procedure 
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was performed for each period approximately two weeks prior to assessment except for 

the last period of each year. These shoots were marked approximately four weeks prior to 

assessment. 

Assessment procedure 

In both years, approximately 12-14 days after the last treatment was applied, I 

returned to exclosures designated as period one to assess the plants response to the 

experimental treatments. Subsequent periods were assessed every two weeks except for 

the last periods for each year, which were assessed after four weeks. A 0.0625m2 quadrate 

was placed into the center of the treatment area where shoots had been poked by the 

needle and all shoots were cut at their base.   

Rhizomes were harvested by pushing a tin can with both upper and bottom lids 

removed into the substrate to a depth of 16.5cm. The contents were held in place as the 

can was pulled up. I repeated this process and finished with hand digging until a uniform 

square (0.25 x 0.25 x 0.165m), matching the length and width of the above ground 

harvest, had been excavated. The rhizomes and mud were placed into buckets and 

transferred to shore. Bucket contents were sieved through 5.0mm screen and the rhizomes 

were placed in marked bags. These samples, along with the shoots and rhizomes, were 

immediately transported to the Telonicher Marine Lab and frozen.
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Sample processing 

Each replicate was processed individually. Once thawed, shoots were rinsed in 

freshwater and laid flat. Throughout the processing phase, shoots were kept moist to 

prevent desiccation, which would prevent accurate measurements  

To determine daily leaf growth rate, I located the original pinhole on each shoot. 

Then I located the hole on each leaf and measured the distance between the two holes. 

This measurement was divided by the number of days between being marked and 

harvested. The leaves from each shoot were numbered by age with the innermost, 

youngest leaf being one (sensu Sand-Jensen 1975). Leaf one did not always have a hole 

because it had not reached the sheath before it was poked. Therefore, leaf one was not 

measured. Also, the number of leaves measured per shoot varied due to leaf condition at 

harvest time. It was sometimes impossible to distinguish pin holes from leaf damage, 

especially on older leaves. The number of vegetative and reproductive shoots was 

quantified for shoot density. Shoots and rhizomes for each treatment bag were dried at 

90° C until completely dry. Dried samples were weighed and recorded as shoot and 

rhizome biomass.  Shoot and rhizome dry weights were combined to determine whole 

plant biomass. Dried shoots were sent to the DANER lab at UC Davis where the 

combustion gas analyzer method was used to determine total nitrogen and total carbon 

content.
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Abiotic variables 

 Mean daily minimum water temperatures were recorded by a submersible 

temperature logger (StowAway Tidbi T) located in central Humboldt Bay. Hourly 

precipitation was recorded by the National Weather Service, located on Woodley Island 

in central Humboldt Bay. Hourly wind speed was recorded by the Eureka weather buoy, 

operated by NOAA and located 31 km west-southwest of Eureka. Water turbidity was 

recorded by a Yellow Springs Instruments sonde operated by CICORE and located in 

central Humboldt Bay. 

Statistical analysis 

The following eelgrass response variables were analyzed with analysis of variance 

tests using NCSS software (Hintze 2001): leaf growth rate (yr. 1 n = 389, yr. 2 n = 414), 

shoot density (yr. 1 n = 140, yr. 2 n = 69), shoot biomass (yr. 1 n = 140, yr 2 n = 69), leaf 

nitrogen content (yr. 1 n = 140, yr. 2 n = 69), rhizome biomass (yr. 1 n = 140, yr. 2 n = 

69), whole plant biomass (yr. 1 n = 140, yr. 2 n = 69) and inflorescence density (yr. 1 n = 

140, yr. 2 n = 69). For leaf growth rates, each leaf number (age) (yr. 1 n=3, yr. 2 n=5) per 

treatment was averaged. This was repeated for every leaf number, in each treatment, 

during each collection period. Each exclosure, containing one set of treatments, from the 

same period was counted as a replicate. For shoot and inflorescence density and all 

biomass measurements the average number (density) or weight (biomass) of shoots per 
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treatment were calculated for each of the replicates per period. Leaf nitrogen data were 

organized like growth rate data with leaf age being an independent variable. 

Seagrass beds are dynamic systems and in Humboldt Bay, growth occurred throughout 

the study periods in both years. Therefore, I accessed treatment effects within individual 

periods (Table 1). I also analyzed treatment effect without separating out periods. In other 

words, I describe the effects of treatment alone as indicated in graphs with no period axis. 

When covariates were not significant, analysis of variance was used to make comparisons 

among treatment means. Results were considered significant with a P-value of 0.05. 

However, P-values between 0.1 and 0.05 are sometimes used when experiments have a 

power deficit (Bell and Westoby 1986, Bell and Westoby 1987). In this experiment, tidal 

cycles limited the number of replicates possible to process during each assessment period 

to six in 2004 and four in 2005. Therefore, I discuss both significant and marginally 

significant results. 

Fisher�s Least Significant Difference tests were used to make comparisons 

among significant results. Probability plots were created to check the data for normality 

and Bartlett�s test were used to check for unequal variances. Scatter plots were created to 

check for equality of slopes and linearity between treatments and covariates. No 

transformations of data were necessary. 
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Table 1. Treatment application and sampling dates for 2004 and 2005. 

      2004   2005   
1st treatment  13-17 Mar  29 Mar-1Apr  
       
2nd treatment  7-9 Apr  10-13 Apr  
       
1st sampling period  20-23 Apr  25-28 Apr  
       
2nd sampling period  5-9 May  10-13 May  
       
3rd sampling period  19-23 May 26-29 May  
       
4th sampling period  3-6 Jun  23-26 Jun  
       
5th sampling period  17-20 Jun    
       
6th sampling period   16-19 Jul       
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RESULTS 

Mean growth rate of leaves varied among periods, but not treatments, and the 

highest rates of growth occurred during period six, in mid July (ANCOVA F5, 381 = 18.42, 

P < 0.01). Mean growth rates also varied among leaf ages. When averaging leaves from 

all treatments and periods, the highest growth rates were achieved in the youngest leaves 

(Figure 5; ANCOVA F2, 384 = 197.24, P < 0.01). ). Distance from Entrance Channel was 

retained in the growth rate models as a covariate (periods: F5, 381 = 6.30, P = 0.012; leaf 

age: F2, 384  = 35.67, P < 0.01) and was weakly and negatively correlated with growth rate 

(r2 = 0.048, β = -0116). 

Shoot density varied among periods (ANOVA F5, 134 = 12.87, P < 0.01) and 

treatments (ANOVA F3, 136 = 3.64, P = 0.015) with the highest densities occurring in the 

clip + fecal treatment. Considering each period separately, treatment was significant in 

the third (ANOVA F3, 20 = 7.48, P = 0.002) and sixth periods (ANOVA F3, 20 = 3.81, P = 

0.026) (Figure 6). Treatment approached significance in the first period in late April 

(ANOVA F3, 20 = 1.48, P = 0.251). In each case, the clip + fecal treatment achieved the 

highest density.  

Shoot biomass varied among periods (ANOVA F5, 122 =21.56, P < 0.01). 

Considering each period separately, treatment was significant at the α = 0.1 level in the 

sixth period (Figure 7; ANOVA F3, 17 =2.69, P = 0.070) and it approached significance at 

the α = 0.1 level in the third period (ANOVA F3, 19 =2.04, P =0.142).
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Figure 5. Mean daily growth rate (cm) of youngest (leaf 2) to oldest (leaf 4) eelgrass 
leaves from all periods and treatments in 2004. Error bars are ± 1 SE. Letters indicate 
significant differences among leaf ages.
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Figure 6. Mean eelgrass shoot densities in 2004 for each period and treatment. Error bars 
are ± 1 SE and different letters indicate significant differences in means among 
treatments within a period.
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Figure 7. Mean eelgrass shoot biomass in 2004 for each treatment in period six. Error 
bars are ± 1 SE and letters indicate significant differences among treatments.
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In each case, the highest biomass occurred in the clip + fecal treatment and fifth periods 

(ANOVA F3, 18 =1.01, P = 0.413). 

New leaves had significantly higher nitrogen content than older leaves (Figure 8; 

ANOVA F2, 183 = 80.26, P < 0.01). Leaf nitrogen content did not vary among periods or 

treatments.  

Rhizome biomass varied among periods (ANOVA F5, 134 = 12.16, P < 0.01). 

Considering each period separately, treatment was significant at the α = 0.1 level in the 

fourth period (Figure 9; ANOVA F3, 20 =2.46, P = 0.092). The highest biomass occurred 

in the clip treatment. Treatment also approached significance at the α = 0.1 level during 

the second period in early May (ANOVA F3, 20 2.34, P = 0.104) and the third period 

(ANOVA F3, 20 = 2.29, P = 0.109). In both cases, rhizome biomass was higher in the clip 

+ fecal treatment. 

Whole plant biomass varied among periods (ANOVA F5, 116 = 11.71, P < 0.01). 

Considering each period separately, treatment was significant in period six (ANOVA F3, 

20 = 3.33, P = 0.04) and it approached significance at the α = 0.1 level in period three 

(ANOVA F3, 20 = 2.06, P = 0.138) (Figure 10). In each case, the clip + fecal treatments 

achieved the highest whole plant biomass.  

The number of inflorescences varied among periods (ANOVA F5, 116 = 12.42, P < 

0.01). There were very few inflorescences found in periods one through three. 

Inflorescences steadily increased starting during period four in early June. In the fourth 

period, the treatment affect was not significant (ANOVA F3, 20 =0.10, P = 0.960), 

although the fecal treatment contained the most inflorescences. During the fifth period,



32 

 

b

a

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

Old leaves Young leaves

M
ea

n 
sh

oo
t t

ot
al

 n
itr

og
en

 c
on

te
nt

 

 

Figure 8. Mean total nitrogen content of eelgrass leaves according to age in 2004. The 
inner-most leaves are the youngest and usually consisted of numbers 1-3. The outer-
most leaves are the oldest and usually consisted of leaf numbers 4-6. Error bars are ± 
1 SE and letters indicate significant differences between old and young leaves. 
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Figure 9. Mean rhizome biomass of eelgrass in 2004 according to treatments for period 
four. Error bars are ± 1 SE and letters indicate significant differences among 
treatments.



34 

 

4/20 5/5 5/19 6/3 6/17 7/16
0

5

10

15

20

25

30

35

40

45

50

M
ea

n 
w

ho
le

 p
la

nt
 b

io
m

as
s 

/ 0
.0

62
5 

m
2

Control
Clip
Fecal+clip
Fecal

a a a a

a a a a
a a a a

a a a a

a ab b a

a a a a

 

Figure 10. Mean whole plant (shoot + rhizome) biomass of eelgrass in 2004 by treatment 
and period. Error bars are ± 1 SE and letters indicate significant differences among 
treatments within a period.
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the clip + fecal treatment contained the most inflorescences (ANOVA F3, 16 =0.32, P = 

0.810). In the sixth period, inflorescent number varied among treatments (Figure 11; 

ANOVA F3, 20 =5.47, P = 0.006) with substantially more flowering shoots occurring in 

the clip + fecal treatments. 

Mean leaf growth rates in the second year varied among periods (ANOVA F3, 410 

= 1.73, P = 0.160), and treatments (Figure 12; ANOVA F2, 409 = 7.67, P = 0.0005), with 

the highest rate occurring in the moderate treatment and the lowest in the over use 

treatment. Considering each period separately, treatment was significant in the second 

period (ANOVA F2, 105 = 3.59, P = 0.031), and was significance at the α = 0.1 level in the 

third period (ANOVA F2, 105 = 2.48, P = 0.089). Mean growth rates were also 

significantly lower at the α = 0.1 level in the over use treatments during period one 

(ANOVA F2, 105 = 2.89, P = 0.059). Leaf age also varied among growth rates as the 

youngest leaves achieved higher growth rates (Figure 13; ANOVA F4, 340 = 339.60, P < 

0.01). Mean shoot density varied among treatments at the α = 0.1 level. When 

considering each period separately, the highest densities occurred in the moderate use 

treatment during period three (Figure 14; ANOVA F2, 15 = 3.04, P = 0.07).  
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Figure 11. Mean number of eelgrass inflorescences per treatment for the sixth period in 
2004. Error bars are ± 1 SE and letters indicate significant differences among 
treatments.
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Figure 12. Mean daily growth rate (cm) of eelgrass leaves by treatments for all periods in 
2005. Error bars are ± 1 SE and letters indicate significant differences among 
treatments.
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Figure 13. Mean daily growth rate of eelgrass leaves from youngest (leaf 2) to oldest (leaf 
6) for all treatments and periods in 2005. Error bars are ± 1 SE and letters indicate 
significant differences in growth rates.
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Figure 14. Mean shoot density of eelgrass by treatments for period three in 2005. Error 
bars are ± 1 SE and letters indicate significant differences among treatments.
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Shoot biomass varied among periods (ANOVA F3, 65 = 4.07, P = 0.01) and 

treatments (Figure 15; ANOVA F2, 66 = 8.26, P = 0.0006). Highest biomass was achieved 

in the moderate treatment and lowest biomass was achieved in the over use treatment. 

Considering each period separately, treatment was significant in the first period (ANOVA 

F2, 15 = 13.9, P = 0.004), it was significant at the α = 0.1 level in the third period 

(ANOVA F2, 15 = 3.0, P = 0.08), and was significant in the fourth period (ANOVA F2, 12 = 

6.87, P = 0.01). In each case, the moderate treatment achieved a higher biomass than the 

over use treatment.   

Nitrogen level of leaves varied among leaf age (ANOVA F1, 54 = 174.93, P < 0.01) 

with higher leaf nitrogen content occurring in young leaves. Leaf nitrogen level did not 

vary among periods or treatments. 

Rhizome biomass varied among treatments at the α = 0.1 level (Figure 16; 

ANOVA F2, 30 =2.79, P = 0.077). The highest biomass occurred in the moderate use 

treatments and the lowest biomass occurred in the over use treatments.  

Whole plant biomass varied between periods (ANOVA F1, 31 =12.21, P = 0.001) 

and among treatments (ANOVA F2, 30 = 7.64, P = 0.002). Considering both periods 

separately, treatment was significant in the fourth period (Figure 17; ANOVA F2, 12 = 

6.51, P = 0.012) with the least biomass occurring in the over use treatments. 

There were very few inflorescences (N= 1/treatment/time period) present within 

the exclosures during year two and inflorescent numbers did not vary among periods 

(ANOVA F3, 57 = 1.77, P = 0.174) or treatments (ANOVA F2, 57 = 1.21, P = 0.305). 

Inflorescence numbers were notably, though not statistically, lower in the over use
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Figure 15. Mean shoot biomass of eelgrass by treatments for all periods in 2005. Error 
bars are ± 1 SE and letters indicate significant differences among treatments.
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Figure 16. Mean rhizome biomass of eelgrass by treatment for all periods in 2005. Error 
bars are ± 1 SE and letters indicate significant differences among treatments.
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Figure 17. Mean whole plant (shoot + rhizome) biomass of eelgrass according to 
treatments in the forth period in 2005. Error bars are ± 1 SE and letters indicate 
significant differences among treatments.
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treatment during period four (ANOVA F2, 12 = 0.50, P = 0.618). 

The experiment began at the end of an El Niño Southern Oscillation cycle as 

water temperatures were decreasing. However, there was a slight increase in water 

temperature in 2005. This increase in water temperature was accompanied by a 

significant increase in precipitation, wind speed, and water turbidity (Figure 18). 



45 

 

10
/03

  

12
/03

  
2/0

4  
4/0

4  
6/0

4  
8/0

4  

10
/04

  

12
/04

  
2/0

5  
4/0

5  
6/0

5  
8/0

5  

Tu
rb

id
ity

 (N
TU

)

0

10

20

30

40

50

60

70

150

2004
Experiment

2005
Experiment

 

Figure 18. Top: Mean daily minimum water temperatures (ºC) in central Humboldt Bay          
between July 1998 and January 2006. Middle: Total monthly precipitation (cm) 
measured at the Woodley Island weather station in central Humboldt Bay between 
2004 and 2005. Bottom: Mean monthly turbidity (NTU) measured by a Yellow 
Springs Instrument sonde located in central Humboldt Bay between October 2003 
and September 2005 (Frimodig 2007).
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DISCUSSION 

Overcompensation occurs when herbivore grazing results in a higher production 

of surviving shoots or increased densities of shoots of food plants (McNaughton et al. 

1996). The plant�s compensatory responses may result from 1) faster growth due to 

canopy thinning by the grazer and the subsequent increase in light penetration, 2) 

increasing nutrient cycling, or 3) translocating nutrients from storage organs or from 

connected individuals (Valentine and Duffy 2006). The general nature of this type of 

plant response to herbivory by migratory geese, some of the most pervasive and wide-

ranging herbivores, remains unclear. Compensatory growth in food plants for geese has 

been documented in some studies (Ydenberg and Prins 1981, Cargill and Jefferies 1984, 

Hik and Jefferies 1990, Clausen 1994, van der Graff et al. 2005) but not in others 

(Nienhuis and Groenendijk 1986, Bakker and Loonen 1997, Fox et al. 1998). Generally, 

compensation or tolerance to herbivory is observed most often in resource rich conditions 

and in basal meristem monocots (reviewed by Hawkes and Sullivan 2001).  

Foraging performance and choice of food plants of migratory geese is governed 

by the nutritional value and availability of food plants throughout the annual cycle (Black 

et al. 2007). Wild geese make many subtle adjustments with their head and mandibles 

while foraging, often at phenomenally high speeds, on different food plants (Black et al. 

2007). Unlike feeding geese that disturb roots and rhizomes and have a negative effect on 

production and flowering (sensu Giroux and Bédard 1987), brant in Humboldt Bay do not 
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disturb the rhizomes of their food by either trampling or grubbing. They forage while 

floating above the eelgrass shoots. In bays where brant have more access to plants than at 

Humboldt Bay, they may graze the entire plant and (or) the rhizomes (Clausen and 

Percival 1998). In Denmark, Brant have been reported to graze on eelgrass rhizomes 

when above ground biomass has been depleted below a certain threshold (Madsen 1988). 

Under these conditions, eelgrass would likely become stunted and recovery would be 

impeded. In Humboldt Bay, brant have limited access to their food due to tidal cycles and 

consume less than 22 percent of plant productivity during their five month spring staging 

period (Moore 2002). Results from my study indicate that light to moderate levels of 

grazing provide nutritional benefits to the geese. A concurrent examination of how 

animals were affected by the brant induced structural changes of eelgrass showed that 

size and abundance of several species responded positively to intermediate levels of 

grazing (Frimodig 2007). 

 A mutually beneficial relationship between plants and herbivores has been well 

documented (Vesey-Fitzgerald 1960, Bell 1970, McNaughton 1976, Pratt and Gwynne 

1977). The idea that herbivory can affect selection processes acting on plant communities 

gained popularity in the 1980s (Connell 1980, Owen and Wiegert 1981, McNaughton 

1983, Jefferies 1988, Thompson and Burdon 1992). It has been suggested that 

plant/herbivore interactions could result in coevolution of gene frequencies in the plant 

and herbivore populations (Ehrlich and Raven 1964). Historically, temperate zone 

waterfowl likely wielded significant selective pressures on seagrass traits and probably 

shaped seagrass landscapes more than we know (Heck and Valentine 2006). In Humboldt 
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Bay, the relationship between brant and eelgrass is mutually beneficial. A variety of 

invertebrates utilizing eelgrass beds as a nursery or as a predator refuge also benefit from 

the positive effects of brant grazing (Frimodig 2007).  

Simulating the grazing regime of brant with a moderate amount of clipping on a 

Dutch island in the Wadden Sea caused the highest rate of regrowth of a salt marsh plant 

(Plantago maritima), more so than with no clipping or clipping at different levels (Prins 

et al.1980). Brant revisited grazed areas at an interval of every four days and clipping at 

this interval enhanced growth and protein content of new plant tissue (Ydenberg and 

Prins 1981). This kind of reharvesting or �farming� of food plants is thought to be 

universal in goose populations, though direct evidence has been minimal (Drent 1987, 

Owen and Black 1990, Prins et al. 1980). Results from my simulated grazing experiment 

showed that grazing stimulates young leaf production and young leaves are more 

nutritious than older leaves. Therefore, brant would benefit by returning to harvest 

previously grazed sites in Humboldt Bay. 

In 2000 and 2001, brant�s access to eelgrass was constrained by tidal patterns 

(Moore and Black 2006a). Considering shoot reach above the substrate and the distance 

brant can reach into the water column, ideal water depth for grazing is between 0.1 and 

0.6m. Brant densities were highest over beds when tides allowed access to eelgrass with 

the highest amounts of protein and calcium, which usually occurred in the deeper beds 

and near channels (Moore and Black 2006a). Brant densities were also positively 

correlated with eelgrass biomass and distance to the nearest grit site (Moore and Black 

2006a). I would expect brant to time their revisits according to the same criterion.
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Abiotic factors affect plant productivity. The negative effects of low light 

conditions on eelgrass include decreased growth rate and decreased shoot density (Short 

et al. 1993, Moore and Wetzel 2000). Many freshwater tributaries experiencing runoff 

from heavily forested watersheds that drain into the bay (See Tenant 2006 for a complete 

list). Wave action stirs up the substantial sediment transported from the tributaries and 

causes the water to become turbid. In the light limiting conditions experienced in 

Humboldt Bay in 2005, grazed plants may have overcome the effects of self-shading and 

increased turbidity. In the grazed treatments, shoot densities increased in both years and 

leaf growth rates increased in the second year. The ungrazed and over grazed plants had 

lower growth rates and shoot densities in both years. 

Additional evidence of short-term overcompensation was realized with an 

increase in above ground biomass in the moderately grazed treatments in both years of 

the experiment. A goose-herbivore study in a nutrient limited environment found that 

stimulated grazing of a salt-marsh forage grass (Puccinellia phryganodes) had a negative 

result on plant growth. However, the clip + nitrogen treatment resulted in a higher above 

ground biomass than the clipped with no addition of nitrogen treatment. The researchers 

suggest that any positive results of snow geese grazing on this plant are dependent on 

fecal fertilizer (Hik et al. 1991).  

Nitrogen, a large component of brant fecal matter, has been demonstrated to be 

limiting for some eelgrass populations (Kenworthy and Fonseca 1992, Williams and 

Ruckelshaus 1993). Even with the upwelling waters off the Northwestern Pacific, 

eelgrass may be nitrate-limited in Humboldt Bay during summer (Shaughnessy et al. 
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2007). A recent analysis of nutrient levels in Humboldt Bay, however, reported that 

nitrogen is not limiting vegetative growth of eelgrass because there is enough ammonium 

present in the sediment (Tenant 2006). The significant input of fecal fertilizer from brant 

into the sediment of Humboldt Bay could be used to fuel the increased production of 

reproductive shoots. Additional studies aimed specifically at determining how sediment 

nitrogen level is affected by fecal fertilizer left by geese are warranted.  

Longer term consequences observed in June, 8 weeks after treatments were 

applied included increased below ground biomass achieved in the clipped (no fecal) 

treatment in year one and the moderately grazed treatment in year two. Below ground 

biomass of seagrasses can increase as shoot density increases, due to shoot production at 

rhizome apices (Valentine et al. 1997). Shoot and rhizome biomass was combined to 

access whole plant biomass because eelgrass can allocate energy reserves to above 

ground growth at the expense of below ground biomass. If allocation is occurring, 

separate analysis of above and below biomass may result in an erroneous interpretation of 

results. In this study, whole plant biomass was highest in the grazed treatment in year one 

and lowest in the over use treatment in year two. This indicates that eelgrass did not 

allocate energy from rhizomes to increase above ground biomass. 

Sexual reproduction is important for both the long and short-term stability of 

populations such as seagrasses that experience dynamic change (Silander 1985, Keddy 

and Patriquin 1978). According to the Red Queen Theory (Van Valen 1973), sexual 

reproduction, as opposed to asexual reproduction, is advantageous because it enables a 
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population to rapidly evolve new genetic defenses against parasites or diseases like 

eelgrass wasting disease (Hamilton et al. 1990, Ridley 1995). A species that is able to 

adapt quickly in a changing environment is more likely to survive. Species that reproduce 

asexually are slower in terms of adapting to their environments (e.g. Lively et al. 1990).  

During the first year of my experiment, the number of inflorescences were highest 

in the grazed (clip + fecal) and second highest in the fecal only treatments at the end of 

the summer. Although asexual reproduction is apparently responsible for a majority of 

eelgrass production, the uptake of nitrogen from the sediment may increase the 

proportion of biomass allocated to sexual reproduction. Sexual reproduction may also be 

important for the establishment of eelgrass into new areas of Humboldt Bay. In 

comparison, brant geese grazing on eelgrass in Denmark increased vegetative shoot 

production and decreased reproductive shoot production in 1993 (Clausen 1994). There, 

goose grazed areas were compared to adjacent exclosed, non-grazed areas in an eutrophic 

habitat that was reported not to be nitrogen limited. Clausen (1994) concluded that the 

increase in reproductive shoot production in non-grazed areas was probably an indirect 

effect of grazing of vegetative shoots in grazed areas, rather than a direct effect of grazing 

on reproductive shoot production. 

For eelgrass, the advantage gained by sexual reproduction will become 

increasingly important with the continued establishment of invasive species into 

Humboldt Bay and during disease outbreaks. Globally, more than 28 nonnative species 

have successfully established themselves in seagrass habitats, 64% of which have had 

negative effects (Orth et al. 2006). Once established, invasive species eradication is 
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essentially impossible in the marine environment (Hewitt and Campbell 2007). During 

the early 1930s, a wasting disease induced by a heterokont protist (Labyrinthula) caused 

extensive damage to eelgrass on both sides of the North Atlantic Ocean (Rasmussen 

1977). Along with the plant die off, the Atlantic brant population declined up to 90% 

(Cottam et al. 1944), scallop fisheries collapsed (Orth et al. 2006), and an oceanic 

gastropod species became extinct (Carlton et al. 1991). 

The health of eelgrass in Humboldt Bay has experienced periods of decline, most 

recently in 1997-1998, during which leaves were reported to have an unusual coating and 

could have been infected by the bacteria that caused wasting disease. In these periods, 

eelgrass biomass declined and was depleted by brant (Moore and Black 2006b). 

Consequently, brant switched to grazing on neighboring salt marshes and agricultural 

fields. Without healthy eelgrass meadows it is reasonable to expect that Pacific Flyway 

brant would begin to utilize agricultural fields around Humboldt Bay and elsewhere 

where other geese are already in conflict with the agricultural industry (Black et al. 

2004).  

I suggest that the brant/eelgrass relationship is partially responsible for the 

persistence of seagrass meadows along the Pacific coast. If brant grazing does enhance 

sexual reproduction as it did during this experiment, and by doing so eelgrass becomes 

more resistant to disease, I would predict that bays along the Pacific Flyway that are 

regularly utilized by brant will be more able to persist when exposed to disease. Long 

term exclosure experiments set up in areas of Humboldt Bay that have traditionally 

experienced varying degrees of brant grazing pressure would be valuable, as would 



53 

 

studies designed to evaluate grazed eelgrass response to disease combined with plant 

genetic assessments. 

The connection between brant and eelgrass is especially important to understand 

because both species are susceptible to human induced degradation. As human use of 

sensitive areas increases, the delicate balance of these ecosystems changes. Eelgrass beds 

support a vast diversity of animals and there are many indirect effects brant grazing has 

on these animals (Frimodig 2007). Increased knowledge of the important role both brant 

and eelgrass have in the intertidal community will strengthen the argument that sensitive 

estuarine environments should be preserved and protected. A strong understanding of the 

relationship between brant and eelgrass will allow local agencies, such as the Humboldt 

Bay National Wildlife Refuge, to carry out their commitments to manage the habitat and 

promote the continued use of Humboldt Bay by brant (Humboldt Bay National Wildlife 

Refuge 1991).
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