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Abstract
Food quality determines the growth rate of primary consumers and ecosystem trophic efficiencies, but it is not clear whether 
variation in primary consumer densities control, or is controlled by, variation in food quality. We quantified variation in the 
density and condition of an abundant algae-eating cichlid, Tropheus brichardi, with respect to the quality and productivity of 
algal biofilms within and across rocky coastal sites in Lake Tanganyika, East Africa. Adjacent land use and sediment deposi-
tion in the littoral zone varied widely among sites. Tropheus brichardi maximized both caloric and phosphorus intake at the 
local scale by aggregating in shallow habitats: algivore density decreased with depth, tracking attached algae productivity 
(rETRMAX) remarkably well (r2 = 0.84, P = 0.00033). In contrast, algivore density was unrelated to among-site variation in 
algal productivity. Rather, there was significant increase in algal quality (r2 = 0.44, P = 0.011) and decrease in algal biomass 
(r2 = 0.53, P = 0.0068) with T. brichardi density across sites, consistent with strong top-down control of primary producers. 
The amount of inorganic sediment on rock surfaces was the strongest predictor of among-site variation in algivore density 
(r2 = 0.69, P = 0.00096), and algivore gut length increased with sedimentation (r2 = 0.36, P = 0.034). These patterns indicate 
extrinsic and top-down forcing of algal food quality and quantity across coastal landscapes, combined with adaptive habitat 
selection by fish at the local scale. Factors that degrade food quality by decreasing algal nutrient content or diluting the 
resource with indigestible material are likely to depress grazer densities, potentially dampening top-down control in high-
light, low-nutrient aquatic ecosystems.
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Introduction

Eutrophication, climate warming, and terrigenous sediments 
are transforming coastal marine and freshwater ecosystems 
(Burkepile and Hay 2006; Crain et al. 2008; Cohen et al. 
2016). Nutrients, temperature, and deposited sediments are 
strong drivers of attached algal biomass and quality (Iza-
girre et al. 2009; Wagenhoff et al. 2013; Guo et al. 2016; 

Vadeboncoeur and Power 2017). The emergent effects of 
these stressors on algal and grazer productivity are difficult 
to predict because primary consumers simultaneously affect, 
and are affected by, primary producer biomass and nutri-
ent content (Liess and Hillebrand 2004; Burkepile and Hay 
2006; Vadeboncoeur and Power 2017). Ecosystem dynamics 
may be especially sensitive to the consumer–resource inter-
actions when fish are the dominant grazers because they are 
nutrient-rich and highly mobile, enhancing their potential to 
regulate both nutrient availability and algal biomass (Vanni 
and McIntyre 2016).

Ecosystems in which primary producers have a high-
nutrient content exhibit efficient energy transfer from pri-
mary producers to herbivores and strong top-down control 
of primary producer biomass (Cebrian et al. 2009). Attached 
microalgae support inverted pyramids of trophic level 
biomass in unimpaired freshwater ecosystems (Vadebon-
coeur and Power 2017), in part because microalgae are 
highly digestible and nutrient-rich compared to other basal 
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resources (Cebrian 1999; Sterner and Elser 2002). High 
algal nutrient content can boost consumer growth rates 
(Elser et al. 2000; Sterner and Elser 2002), but it is less 
clear whether algal quality, rather than quantity, determines 
the carrying capacity of grazer populations at local or land-
scape scales.

Algal productivity (rate of carbon fixation) gradients 
often generate corresponding gradients in grazer densities, 
demonstrating a direct, bottom-up dependence of grazers on 
attached algal quantity (Hill et al. 2010). Within and among 
ecosystems, attached algal productivity is often closely asso-
ciated with total herbivore biomass (Cebrian et al. 2009) 
and production (Hill et al. 2010). Indeed, algivorous fish 
can track algal productivity over large spatial scales (Power 
1984a; Vadeboncoeur and Power 2017), rapidly responding 
to spatial variation in food availability by aggregating in 
the most productive areas (Power 1984a). Their mobility 
leads to an ideal free distribution of algivorous fish within 
contiguous habitat: fish densities correlate positively with 
algal primary production, but the resulting top-down con-
trol yields relatively uniform algal biomass throughout the 
habitat (Power 1984a). If extrinsic factors impede grazer 
mobility or reduce grazer densities, algal biomass rapidly 
accumulates, but it is reduced to background levels even 
more quickly following restored access by grazers (Power 
et al. 1988).

Despite the close link between the quantity of algae pro-
duced and grazer densities (Power 1984a; Hill et al. 2010), 
as well as the strong effect of diet quality on grazer growth 
rate (Sterner and Elser 2002), it is not clear that higher qual-
ity forage produces higher densities of grazers (Anderson 
et al. 2010; Pagès et al. 2014). If there is a substantial meta-
bolic cost to consuming algae with poor nutritional con-
tent, then habitats with low-quality algae may support fewer 
algivores because each individual requires a larger resource 
base than a comparable individual in a habitat with higher 
food quality. Conversely, if extrinsic factors such as preda-
tion or nutrient loading reduce the effectiveness of top-down 
control by algivores, then algal quality is likely to decline as 
algal biomass (C) accumulates (Liess and Hillebrand 2004; 
Evans-White and Lamberti 2006). Determining the direct 
effect of algal quality on population densities of grazers is 
challenging in the face of the top-down effects of grazing 
on algal quality.

To better understand reciprocal relationships between 
mobile grazers and primary producers, we quantified grazing 
fish and algae at both local and landscape scales. We quanti-
fied attached algal productivity and nutrient content along 
with the density of the most abundant algivorous cichlid, 
Tropheus brichardi at 12 rocky sites in Lake Tanganyika. 
We surveyed sites that vary in exposure to upwelled nutri-
ents (Corman et al. 2010), anthropogenic nutrients (Kelly 
et al. 2017), and terrigenous sediments (Alin et al. 1999; 

McIntyre et al. 2005). Within each site, we also tested for 
depth gradients in algal productivity and grazer densities. 
We expected that if algal resources limit grazer populations, 
then both within- and among-site variation in T. brichardi 
densities would correlate positively with algal productivity 
and algal quality, yet algal biomass would be comparatively 
uniform due to top-down control.

Materials and methods

Study site

Lake Tanganyika is an ancient tectonic lake and is the 
world’s second largest freshwater lake by depth and volume. 
Dissolved nutrient concentrations are near detection limits 
(Corman et al. 2010), and the euphotic zone (> 1% surface 
light) exceeds 60 m. Its 1830 km shoreline is composed of 
rocky bedrock outcrops interspersed with expanses of sand, 
which impose a dispersal barrier to fishes that specialize 
on eating algae attached to rocks (Sefc et al. 2007). Rocky 
sites host diverse communities of endemic cichlids, includ-
ing up to a dozen algivorous species (Takeuchi et al. 2010). 
Fish in the tribe Tropheini dominate the algivorous assem-
blages and specialize in consuming algal biofilms attached 
to the rocks, with typically 1–2 species numerically domi-
nating the assemblage in any region (Konings 2015). Our 
long-term study sites around Kigoma Tanzania (McIntyre 
et al. 2005,2006; Corman et al. 2010) host about 30 spe-
cies of fish, of which 9 specialize on attached algae. The 
most abundant algivore, Tropheus brichardi, feeds by rip-
ping attached algal filaments and their associated epiphytic 
diatoms from the rocks. The second most common algivore, 
Petrochromis spp. feeds by combing epiphytic diatoms 
from the surface of the algal assemblage (Konings 2015). 
We quantified the distribution of Tropheus brichardi with 
respect to habitat complexity and their algal food during the 
dry seasons (June–August) of 2011, 2012 and 2013 at 12 
spatially isolated rocky sites (~ 1 km shoreline between sites) 
in the Kigoma region of Tanzania. We selected sites across 
a gradient of land use and wave exposure, two variables that 
are likely to affect nutrient (Corman et al. 2010; Kelly et al. 
2017) and sediment (Cohen et al. 1993; Alin et al. 1999) 
retention in the shallow littoral habitat.

We retained 10 sites (2–7, 9–12) from a previous study 
(Corman et al. 2010), and extended our study region to the 
south (Site 13: 4° 55.32S, 29° 36.64E) and north (Site 14: 4° 
49.57S, 29° 36.26E) (Fig. 1). We made measurements along 
depth transects which, unless stated otherwise, included the 
depths 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 m.

Fish densities often correlate positively with the 3-dimen-
sional structural complexity, or rugosity of a habitat (Grat-
wicke and Speight 2005), and the size and abundance of 
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cobbles, boulders, and bedrock outcrops varied among sites. 
We measured 3-dimensional habitat structure at each site in 
2011. Three depth transects were deployed perpendicular to 
the shore between 0 and 8 m. We calculated rugosity as the 
ratio between the length of a chain laid across the lake bot-
tom to the hypotenuse of a triangle defined by the horizontal 
distance along the lake surface and the vertical change in 
water depth (McCormick 1994).

Attached algal resources

We quantified variation in primary productivity along 0–8 m 
depth transects (N = 2–3 transects per site) using under-
water pulse amplitude modulated (PAM, Walz Germany) 
fluorometry in 2011 and 2012 (Perkins et al. 2011; Dev-
lin et al. 2016). Rapid light curves (RLCs) were collected 

from horizontally oriented rock surfaces between 10:00 and 
14:00. We used the nls function in R (R Core Team 2016) 
to solve for rETRMAX and α using the hyperbolic tangent 
function:

where rETR is relative electron transport rate at light inten-
sity E. rETRMAX is the light-saturated relative electron trans-
port rate, and α (photosynthetic efficiency) is the rate of 
increase in ETR as a function of light intensity in the light-
limited region of the photosynthesis irradiance (P-I) curve. 
We discarded curves if the r2 of the least squared regres-
sion of rETR (expected) on rETR (observed) was < 0.90. 
We coupled PAM fluorometry with direct measurement of 
primary production in 2011 and 2012 using bulk oxygen 

rETR = rETR
MAX

tanh
�E

rETR
MAX

Fig. 1   Study sites around Kigoma, Tanzania. In 2009, we added sites 
13 and 14 to our original suite of research sites (2–12). Site 13 is on 
the southwestern tip of a narrow, well-vegetated peninsula. Sites 2–4 
are adjacent to the privately owned Jakobsen’s Beach and Guest-
house, which is a large tract of native vegetation. Site 7 is at the base 

of an escarpment near a hotel compound. Kigoma harbor, a major 
port on Lake Tanganyika, extends between sites 7 and 9. The land 
around sites 5, 6, and 9–12, and 14 is a mixture of steep cliffs and 
hilly grassland with occasional trees
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exchange methods (Vadeboncoeur et al. 2014; Devlin et al. 
2016). In brief, 5 clear (light) and 5 opaque (dark) open-
bottomed acrylic chambers were secured to rock surfaces 
at 2.5 m (2012) and 5 m (2011 and 2012). We measured 
changes in O2 concentrations using a ProODO oxygen meter 
(Yellow Springs Instruments, Yellow Springs, Ohio USA) 
after a 20 min (light) or 2 h (dark) incubation period.

We analyzed biomass and nutrient content of attached 
algae along depth gradients in 2011 and 2013. In 2011, 
divers collected epilithic-attached algal scrubs from boul-
ders along a 0–8 m depth transect (N = 3 per site) using a 
1 cm diameter modified syringe sampler with a wire brush 
(Loeb 1981). Two samples from each depth were acidified 
to remove carbonate C before measuring particulate phos-
phorus (P) with the acid molybdate method (Stainton et al. 
1977). The third sample was frozen and freeze-dried for 
chlorophyll analysis.

In 2013, divers collected fist-sized cobbles along depth 
transects (N = 3 per site) at 1, 2.5, 5 and 7 m. We scrubbed 
a 25.5 cm2 area from the surface of each cobble and freeze-
dried (Virtis model 6 K, Gardiner, NY) the samples. The 
samples were homogenized and subsampled for the follow-
ing analyses. We combusted subsamples for 4 h at 500 °C 
for organic matter (AFDM) and inorganic sediment (ash) 
content of the biofilm. We assessed algal P content with 
an acid molybdate method (Stainton et al. 1977). Algal C 
and N content were analyzed at the Cornell Stable Isotope 
Laboratory with a Vario EL III elemental analyzer (Elemen-
tal Americas Corporation, New Jersey, USA). We extracted 
chlorophyll subsamples in 90% buffered ethanol at 4 °C for 
24 h and measured them fluorometrically (Turner Aquafluor: 
Turner Designs, San Jose, California USA; Vadeboncoeur 
et al. 2014). We calculated algal C, N, and P content as a 
fraction of the organic matter (determined by loss on igni-
tion) portion of each sample, such that algal quality and 
inorganic sediment were not inherently autocorrelated. We 
extracted phospholipids from ~ 0.3 g subsample using a 2:1 
methanol: chloroform mixture, and converted them to fatty 
acids methyl esters (FAMEs) and separated fatty acids using 
a HP6890 GC-FID gas chromatograph (DeForest et al. 2016; 
Agilent Technologies Inc., Santa Clara, California, USA). 
We identified individual fatty acids as a percent molar frac-
tion of total phospholipid fatty acids using the Sherlock® 
Microbial Identification System (MIS) (MIDI, Inc., Newark, 
Delaware, USA).

Fish distributions

We conducted depth-specific visual surveys of algivores in 
2011. Each census transect (N = 2 per site) was deployed 
perpendicular to the shore and was composed of nine con-
tiguous quadrats between 0 and 8 m (see above for depth 
increments). Quadrats were 5 m wide, and we measured 

the linear run of each 1 m depth interval. A diver drifted 
downslope along the transect line, counting T. brichardi as 
they appeared. We counted each quadrat twice and aver-
aged the values. While censusing T. brichardi, the diver 
also counted the other relatively common algivore in the 
region, Petrochromis spp. and the far rarer T. duboisi. The 
majority of fish in the 2011 survey occurred between 0 and 
3 m. Therefore, in 2013, we refined the quantification of T. 
brichardi using duplicate counts in three 5 m wide quadrats 
that stretched from the shore to a depth of 3 m.

Although adult T. brichardi are very aggressive and rela-
tively resistant to predation, we quantified the abundance 
of fish that might prey upon T. brichardi using our annual 
visual census of the complete fish assemblage (7 × 8 m quad-
rats, N = 3 per site). Quadrats were oriented perpendicular 
to shore, with the deep margin set at 5 m and the shallow 
margin varying between 2 and 4 m depending on slope. A 
snorkeler drifted slowly across the quadrat at the surface 
counting all fish in the water column, and then made a 
series of systematic dives to count species near the substrate 
throughout the quadrat. This method provided a minimum 
estimate of total fish densities within the middle part of the 
depth range covered by our depth transects. There were sub-
stantial differences in the censusing methods and the depth 
strata surveyed between the T. brichardi and fish assemblage 
analyses. However, this assemblage census, which our group 
conducted from 2009 to 2015, did provide an estimate of 
potential predators at each site.

Our research focused primarily on demographic and 
behavioral responses to variation in resources. However, 
resource quality can also alter body and gut morphology 
(Wagner et al. 2009). To test for morphological responses 
to food quality, 60 T. brichardi were captured with a gill 
net (1″ × 1″ mesh), measured and weighed from each site 
in 2013, and from a subset of sites in 2011 and 2012. We 
sacrificed ten fish from each site each year to measure gut 
length (stomach to rectum). We calculated the condition fac-
tor (k) of each fish by fitting weight and length to a power 
function (Froese 2006), W = kL2.9, where W is wet mass (g), 
L is standard length (cm). The scaling exponent was fit as 
2.9 based on T. brichardi from Site 13, where body condition 
was highest, and presumably approached optimal condition 
for the species (Froese 2006).

Statistical analyses

We used R software (R Core Team 2016) for all analyses. 
For the 2011 data, we used linear mixed models (lme4, Bates 
et al. 2015) to test the effects of depth as a fixed factor and 
site as a random factor to independently predict the follow-
ing: T. brichardi population density; habitat complexity 
(rugosity); attached algae phosphorus (%); and chlorophyll 
a. Additionally, we averaged fish densities, algal P content 
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and rETRMAX across sites for each depth. We used linear 
models to test the effects of algal P concentration and 
attached algal productivity on T. brichardi density.

We sampled attached algae at fewer depths in 2013 than 
in 2011. We used mixed models to assess the effects of depth 
(fixed effect) and site (random effect) on attached algal qual-
ity and quantity in 2013. Data were log10-transformed where 
necessary to normalize variance. Quantity metrics included 
organic C (g/m2), N (g/m2), P (g/m2) and chlorophyll a (mg/
m2). Metrics of algal quality included % C, % N, % P, N:P 
(molar), saturated fatty acids (percent mole fraction SAFA), 
monounsaturated fatty acids (MUFA), polyunsaturated fatty 
acids (PUFA), and the sum of the omega-three essential fatty 
acids eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA). Diatoms are rich in EPA. We used a t statistic 
to determine if the slope of the change in attached algal com-
position with depth was significantly different from zero.

We used principal components analysis (PCA; vegan 
function) to identify minimum sets of attached algae com-
position predictors from 2013 that might explain among-
site differences in fish density and condition. We reduced 
the data set by averaging algal composition data from the 1 
and 2.5 m depths from each site, which corresponded to the 
depth range where T. brichardi were most abundant. Metrics 
related to algal standing crop included C (g/m2), P (g/m2), 
N (g/m2), and chlorophyll (mg/m2). Quality metrics were % 
N and % P. We wanted to include essential fatty acids in our 
PCA, but we lacked fatty acid data for site 6. Therefore, we 
ran a second PCA on 11 sites using all of the above given 
descriptors of algal quantity and quality plus the sum of EPA 
and DHA. We used regression analysis to assess whether 
among-site variation in T. brichardi densities or condition 
were functions of the principal components axes.

We used generalized linear models to test for relation-
ships between inorganic sediments and T. brichardi densi-
ties, relative gut length, and condition factor. To address 
predation and habitat availability as potential additional 
influences on algivore density, we tested for associations 
between piscivore densities or rugosity and T. brichardi den-
sities using generalized linear models.

Results

Attached algal quantity and quality

Attached algal productivity measured as PAM fluorescence 
declined with depth (Fig. 2a) at all sites except site 7, which 
was the site most impacted by sediment (Fig. 1). In 2011, 
site averages of attached algal gross primary productivity 
measured with oxygen exchange methods ranged from 23 to 
80 mg C m−2 h−1 at 5 m. In 2012, average algal productivity 
ranged from 43 to 80 mg C m−2 h−1 at 2.5 m, and 30–78 mg 
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Fig. 2   Variation in resource availability and algivore densities with 
depth in 2011. Each point is average value for 12 sites. a Attached 
algal productivity was measured in situ with PAM fluorometry. Rela-
tive electron transport rate (rETRMAX) is an index of maximum light-
saturated photosynthesis. b Attached algal %P on boulders; c Tro-
pheus brichardi densities measured by snorkel surveys. Error bars 
are ± 1 standard error for N = 12 sites
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C m−2 h−1 at 5 m. Productivity was significantly higher at 
2.5 m than at 5 m at all sites except Site 7.

The quantity of chlorophyll (g/m2) on rocks did not 
change significantly with depth in 2011 or 2013 (Table 1). 
The quantity of P (mg/m2) in algae decreased significantly 
with depth on both boulders (2011: coefficient of log P with 
depth = − 0.063, t72 = − 3.172, P =  0.0024) and cobbles 
(2013, Table 1). We measured the quantity of algal C, N, 
and AFDM per square meter only in 2013 and there was no 
trend with depth (Table 1).

There was a significant decline in attached algal qual-
ity with depth in both years. On boulders (2011), attached 
algal %P declined with depth (Fig. 2b: coefficient of log 
%P = − 0.035, t70 = − 2.890, P = 0.0051). On cobbles (2013), 
algal %P and %N declined significantly with depth, N:P 
molar increased with depth, and there was no change in 
algal %C (Table 1). The most abundant essential fatty acids 
(EFAs) were EPA and linoleic acid (LA), which constituted 
1.5 and 3.2%, respectively, of the total fatty acids. DHA 
constituted less than 1% of total fatty acids. Percent mole 
fraction of polyunsaturated fatty acids (PUFAs) and the 
sum of EPA and DHA decreased significantly with depth, 

whereas saturated fatty acids (SAFAs) increased with depth 
(Table 1).

The first two axes of the principal component analysis 
(PCA) accounted for 96% of the variance in attached algal 
composition among sites (Fig. 3a). PC1 was highly corre-
lated with the quantity of organic carbon (Pearson’s correla-
tion, r = 0.99), the quantity of N (r = 0.95), and the quantity 
of chlorophyll per square meter of rock (r = 0.89). PC2 was 
highly negatively correlated with attached algal % P (Pear-
son’s correlation, r = − 0.82) and %N (r = − 0.79). There was 

Table 1   Variation in attached algal quantity and quality with depth on 
cobbles collected in 2013

We used mixed models analysis with site as a random factor and 
depth as a fixed factor, and a t value to test whether the slope of the 
variation with depth (coefficient) was significantly different from 
zero. Data was log10 transformed to normalize variance when neces-
sary. Values in bold are significant at the 0.05 level
SAFA % saturated fatty acids, MUFA % monounsaturated fatty acids, 
PUFA % polyunsaturated fatty acids, EPA + DHA sum eicosapentae-
noic acid and docosahexaenoic acid

Parameter Depth coeffi-
cient ± SE

DF t value P value

Food quantity
 Log carbon (g/m2) 0.00148 ± 0.0122 35 0.1213 0.904
 Log nitrogen (g/m2) − 0.0162 ± 0.0111 35 − 1.453 0.155
 Log phosphorus 

(g/m2)
− 0.0252 ± 0.00967 35 − 2.606 0.0134

 Chlorophyll a (mg/
m2)

− 0.0117 ± 0.160 35 − 0.730 0.470

Food quality: stoichiometry
 Log carbon (%) 0.00113 ± 0.00369 32 0.3064 0.761
 Log phosphorus 

(%)
− 0.0290 ± 0.00887 32 − 3.274 0.0026

 Log nitrogen (%) − 0.0162 ± 0.00623 32 − 2.604 0.0139
 N:P molar 0.534 ± 0.180 35 2.969 0.0054

Food quality: fatty acids
 SAFA 0.0179 ± 0.00831 34 2.159 0.038
 MUFA 0.00896 ± 0.00466 34 1.921 0.0632
 PUFA − 0.00739 ± .00250 34 − 2.959 0.0056
 Log(EPA + DHA) − 0.0396 ± 0.0147 34 − 2.700 0.017
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Fig. 3   Principal components analysis (PCA) of attached algal qual-
ity and quantity at 12 sites in Lake Tanganyika in 2013. a PCA axis 
1 (PCA1) was strongly correlated with metrics of algal quantity 
including chlorophyll (mg/m2) and organic carbon (g/m2). PCA axis 
2 (PC2) was negatively correlated with algal quality, including %N 
and %P. b Variation in T. brichardi densities (each point is a mean 
of 3 quadrat counts) among sites was unrelated to PCA1, but PCA2 
(algal quality) explained 44% the variation in T. brichardi densities 
among sites; Tropheus brichardi densities increased with increasing 
algal %N and %P
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little among-site variability in gross primary productivity 
(mg C/m2/h), and it did not load on PC1 or PC2. Eleven of 
the sites were distributed along a gradient ranging from high 
quality, low quantity to low quality, high quantity. However, 
the southernmost site (13) had both a high quality and a high 
quantity of algae (Fig. 3a). In analyses relating algal quantity 
to fish densities, we omitted site 13 (see below), but site 13 
was not omitted from regressions of fish densities on algal 
quality. Omitting site 6 from the PCA to include EFA’s in the 
analysis did not change the above given results. Interestingly, 
EFAs loaded on PC1 with metrics of attached algal quantity, 
not with attached algal quality metrics on PC2.

Fish distributions

We counted 814 Tropheus brichardi in 2011 and 616 T. 
brichardi in 2013. Tropheus brichardi densities within sites 
were positively correlated between 2011 and 2013 (Pear-
son’s correlation = 0.65, P = 0.02). Tropheus brichardi 
densities declined with depth at all sites (Fig. 2c), as did 
densities of Petrochromis. Depth-specific average densities 
of the two algivores were strongly correlated (Pearson’s cor-
relation = 0.95, P = 0.00012). The third algivore, T. duboisi, 
was too uncommon to assess trends with depth. Variation 
in algivore densities with depth was a positive function of 
attached algal photosynthesis rate (rETRMAX) (T. brich-
ardi: F1,7 = 42.27, r2 = 0.84, P = 0.00033. Petrochromis: 
F1,7 = 19.48, r2 = 0.79, P = 0.0031). Algal %P also declined 
with depth, but the Akaike information criterion (AIC) value 
was lower when rETRMAX alone was included in the model. 
The 3-dimensional habitat structure (rugosity) was a uni-
modal function of depth, peaking at about 3 m, and did not 
explain variation in algivore density with depth.

Among sites, T. brichardi densities varied positively with 
attached algal quality, negatively with algal standing crop, 
and were not correlated with algal productivity. Their densi-
ties were unrelated to PC1 (F1,10 = 0.27, P = 0.61), but the 
regression of fish densities on PC2 (%P, %N) was significant 
(Fig. 3b; F1,10 = 9.81, r2= 0.44, P = 0.011). Sediment accu-
mulation had a significant negative effect on T. brichardi 
densities (F1,9 = 23.16, r2 = 0.69, P = 0.00096; Fig. 4a). In 
addition, relative gut length of T. brichardi increased across 
the sediment gradient (Fig. 4b). There was no relation-
ship between T. brichardi density and substrate rugosity 
(r2= 0.001, P = 0.8, 2011; and r2= 0.01, P = 0.7 for 2013) or 
piscivore densities (r2 = 0.15; P > 0.05). Based on our annual 
censuses of the entire fish community at each site, the total 
density of algivores was nearly three times higher than that 
of piscivorous species.

With the exception of site 13, fish appeared to have a 
strong top-down effect on the quantity of algae attached 
to rocks. The total amount of attached algal C (Fig. 5a; 

F1,9 = 18.62, r2 = 0.64, P = 0.0019) and chlorophyll 
(Fig. 5b; F1,9 = 12.17, r2 = 0.53, P =0.0068) per square 
meter of rock surface declined significantly as a function 
of T. brichardi density. There was a significant negative 
relationship between T. brichardi density and molar C:P 
(r2 = 0.4, P = 0.034). The body condition of T. brichardi 
also varied significantly among sites. Fish condition factor 
and fish density were not correlated across sites in 2013 
(Pearson’s r = 0.3, P = 0.5), and none of the metrics of 
attached algal quality or quantity explained among-site 
variation in condition factor. Interestingly, average body 
condition declined over the study period at the five sites 
for which we had 3 years of data. The mean condition fac-
tor for T. brichardi was 2.24 in 2011, 2.15 in 2012, and 
2.04 in 2013.

(a)

(b)

Fig. 4   a Tropheus brichardi densities at 12 sites (N = 3 quadrats per 
site) were negatively related to sediment accumulation on rocks. 
b Across sites, average relative gut length (gut length/total length; 
N = 10 fish per site) increased as sediment accumulation on rocks 
increased. Values for the outlier, Site 13 (triangle), were not included 
in the regressions
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Discussion

Relationships between Tropheus brichardi densities and 
food resources differed at local and landscape scales. 
Within a site, these grazing fish closely tracked the pro-
ductivity of their algal resource, but among-site variation 
in T. brichardi densities was unrelated to algal productiv-
ity. Rather, variation in T. brichardi densities along the 
coastline appears to drive differences in algal biomass 
(organic carbon and chlorophyll) across sites as a top-
down effect. Furthermore, densities of these fish corre-
late with the quality (nutrient and EFA content) of algal 
resources both within and among sites. The positive cor-
relation between algivores and food quality is consistent 
with a metabolic cost to consuming low-quality food, but 
it could also indicate a top-down effect of grazing on algal 
nutrient content.

Consumer–resource relationships at a local scale

Within sites, T. brichardi aggregated in shallow areas where 
attached algal biomass and productivity were the highest 
(Fig. 2). Light limitation causes decline in algal productivity 
with depth (Vadeboncoeur et al. 2014), and it is remarkable 
how closely T. brichardi densities tracked attached algal 
photosynthetic rate (rETRMAX) with depth (F1,7 = 42.27, 
r2 = 0.84, P = 0.00033). We observed no change in chlo-
rophyll with depth despite the substantial variation in pri-
mary productivity, suggesting that these grazers achieve an 
ideal free distribution with respect to the quantity of algae 
available. Such behavioral tracking of resources has been 
reported previously in grazing tropical fish (Power 1984a), 
and increases in the territory size of algivorous cichlids in 
Lake Tanganyika with depth have been attributed to gra-
dients in algal productivity (Karino 1998). However, our 
concurrent analyses of fish densities, algal productivity, and 
algal biomass are the first to demonstrate that algivores track 
light-limited primary productivity patterns at a local scale, 
thereby creating uniformly low algal standing stocks across 
all depths.

The depth distribution of grazing fish also was corre-
lated with the elevated phosphorus content of algae in the 
upper 3 m (Fig. 2). Based on the light-nutrient hypothe-
sis developed for phytoplankton (Sterner et al. 1997), we 
had expected decrease in algal C:P ratios with depth due 
to declining rates of carbon fixation (Fig. 2). However, we 
observed the opposite pattern: algal C:P and C:N increased 
with depth. This result indicates that nutrient availability 
declined with depth, and did so at a rate that was relatively 
higher than the decline in light. Dissolved inorganic nutri-
ents were near detection limits at all sites (< 2 µg L−1 for 
soluble reactive P, NH4-N, and NO3-N; McIntyre et al. 2006; 
Corman et al. 2010). However, depth gradients in nutrient 
availability, rather than concentration, could be generated 
by gradients in production of excreted wastes by fish (McI-
ntyre et al. 2008) and by depth-dependent N-fixation by 
attached algae (Higgins et al. 2001). The stoichiometry of 
attached algae in Lake Tanganyika (mean N:P = 37; mean 
C:P = 869) suggests strong P-limitation (Hillebrand and 
Sommer 1999). Fish excretion can provide as much as 50% 
of nutrient demands for algal growth (Andre et al. 2003, 
McIntyre et al. 2007), and the depth distribution of algi-
vores likely accelerates recycling of nutrients in shallow 
waters. Furthermore, the abundance of grazers in shallow 
areas could depress algal C:P and N:P by removing senesc-
ing algae and maintaining biofilms in a high-growth state 
(Liess and Hillebrand 2004).

Essential fatty acids of algal biofilms also decreased with 
depth (Table 1), adding a second major dimension of depth-
dependent variation in the nutritional quality of attached 
algae. Nitrogen-fixing diatoms and cyanobacteria dominate 

(a)

(b)

Fig. 5   Algivorous fish appeared to exert strong top-down control on 
algal biomass. There was little among-site variation in algal produc-
tivity but both (a) organic carbon and (b) chlorophyll a accumulation 
on rocks decreased with increase in Tropheus brichardi densities. 
Each point represents the average of six cobbles collected from the 
site. Values for the outlier, Site 13 (triangle), were not included in the 
regressions
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the Lake Tanganyika attached algal community with small 
contributions of green algae (Munubi 2015). Diatoms are 
rich in EPA, whereas cyanobacteria and other bacteria do 
not produce long chain EFAs. The replacement of EPA and 
DHA by SAFA with depth suggests a gradient of biofilm 
composition with greater abundance of diatoms near the 
shore and increasing contribution of cyanobacteria and other 
bacteria with depth (Strandberg et al. 2015). Essential fatty 
acids and P are critical for the growth and development of 
fish (Ahlgren et al. 2009). Thus, it is not surprising that 
T. brichardi aggregated in shallow waters where both algal 
quality and productivity are highest.

The preference of these algivorous fish for shallow water 
suggests that they are responding primarily to foraging 
opportunities, rather than avoiding predators. It was beyond 
the scope of this study to quantify predation risk. However, 
our extensive field observations suggest that the primary 
threats are birds (kingfishers, cormorants). Exposure to these 
diving predators is highest near the shoreline (e.g., Power 
1984c, Schlosser 1987). We rarely see piscivorous fish large 
enough to consume adult Tropheus in our study area, but 
they occur at greater depths. The fact that T. brichardi pre-
fer shallow habitats (Fig. 2) and spend > 90% of their time 
actively foraging (Munubi 2015) is inconsistent with strong 
predation threat. Responses to other non-resource factors, 
including temperature are not supported by the data. Based 
on our PAM fluorometer data and in situ loggers, water tem-
perature did not vary spatially over the depth range where T. 
brichardi occurred.

We interpret the depth distribution of T. brichardi and 
Petrochromis spp. as a behavioral response to food availabil-
ity, not predation threat. This same distribution of algivores 
occurs in other parts of Lake Tanganyika (Takeuchi et al. 
2010), again supporting a general response of algivores to 
resource availability. We have repeatedly observed mark-
edly increased feeding activity by both T. brichardi and 
Petrochromis during the increased wave activity caused by 
onshore winds each afternoon. The waves briefly increase 
the water depth over the shallowest rocks at the lake’s edge, 
and both species ‘surf’ into consuming the previously inac-
cessible algae. Additionally, when we conduct in situ small-
scale exclusion experiments, we have to fight off the grazing 
fish in the time between removing the exclosure and taking 
our measurements. These behaviors demonstrate the avidity 
with which these algivores track their food resource.

Consumer–resource relationships at a landscape 
scale

Inhospitable sandy habitats separate our sites, impeding 
among-site movement by rock-dwelling fishes (Sefc et al. 
2007; Wagner and McCune 2009). Thus, population densi-
ties of T. brichardi are independent across sites, and density 

at a given site reflects resource availability, reproductive suc-
cess and predation pressure at the site. We have observed 
over ~ 15 years of monitoring fish assemblages, that some 
sites consistently support higher densities and higher diver-
sity than degraded sites, especially Site 7. Attached algal 
primary productivity is the best index of food availability 
for algivores, but there was no relationship between area-
specific algal productivity and algivore density among sites, 
regardless of whether we considered the density of T. brich-
ardi only or of all algivores in the fish assemblage. Moreo-
ver, our fish surveys showed a neutral or positive relationship 
between densities of piscivores and T. brichardi across sites, 
primarily because the most pristine sites with intact riparian 
zones support higher fish densities of all trophic guilds. The 
aquarium trade occasionally targets Tropheus brichardi, but 
the species is not highly desirable for food. Thus, there is 
little evidence to invoke top-down constraints on T. brichardi 
populations.

The pattern of population densities across a dozen sites 
echoes our local-scale results with respect to food quality; 
densities of T. brichardi correlate positively with algal nutri-
ent content (Fig. 3b). The effective isolation of rocky sites 
in Lake Tanganyika precludes the possibility that algivorous 
fish aggregated at sites in the landscape with the highest food 
quality. The two most plausible explanations for the posi-
tive relationship between grazer density and algal nutrient 
content are a demographic response to inherent differences 
in nutrient availability between sites (bottom-up control of 
consumer densities), or a density-dependent effect of grazers 
on algal quality (top-down control of resource quality). The 
influence of algal quality on the growth rate of primary con-
sumers is well-documented for individual animals (Sterner 
and Elser 2002; Bracken et al. 2012), yet is rarely studied in 
the context of consumer demography in natural ecosystems 
(Pagès et al. 2014). Food quality could determine algivore 
carrying capacity if the nutritional benefits of high-nutrient 
algae reduce the amount of primary production necessary 
to support an individual fish. There was no relationship 
between condition factor at a site and algal quality, which 
might have been indicative of a positive effect of algal qual-
ity on individual growth. Among-site differences in nutrient 
availability to algae could be extrinsically determined by dif-
ferential upwelling of nutrients during partial mixing events 
(Corman et al. 2010; Menge and Menge 2013). However, our 
years of monitoring hydrodynamic proxies at all study sites 
currently offers little support for consistent differences in 
upwelling that might drive variation in algal quality.

An alternative explanation for the correlation between 
algal quality and T. brichardi is that when grazing pressure 
is low, fixed carbon from photosynthesis accumulates, dilut-
ing algal P and N content (Evans-White and Lamberti 2006). 
This well-established pattern in grasslands and benthic algal 
communities emerges because grazing pressure accelerates 
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the turnover of carbon relative to N and P (Liess and Hille-
brand 2004; Evans-White and Lamberti 2006). Grazers 
necessarily remineralize dietary nutrients even when their 
food resources are nutrient-poor (Vanni and McIntyre 2016). 
Grazing fish can both suppress carbon stocks and accelerate 
P regeneration, making top-down control of algal quality 
quite likely. It is unfortunate that we counted only T. brich-
ardi in 2013. However, based on T. brichardi abundance 
relative to other algivores and its correlation with Petro-
chromis, T. brichardi densities are a robust index of grazing 
pressure. The ten-fold differences in algal standing crop are 
negatively correlated with T. brichardi densities across sites 
(Fig. 5). These patterns are consistent with strong top-down 
control on attached algae (Steinman 1996; Rosemond et al. 
1993; McIntyre et al. 2006). In situ grazing experiments 
and behavioral observations (McIntyre et al. 2006; Munubi 
2015; Vadeboncoeur unpublished data) support the conclu-
sion that the among-site variation in algal biomass and bio-
mass-specific productivity (Fig. 5) is driven by differences 
in grazing pressure.

Anthropogenic sediment negatively affected T. brichardi 
densities (Fig. 4). Sediment accumulation has reduced bio-
diversity along many parts of the shoreline of Lake Tang-
anyika (Cohen et al. 1993; Alin et al. 1999; McIntyre et al. 
2005), and algivores are the most impacted guild of fish 
(Donohue et al. 2003). More than 25% of the cichlid species 
in Lake Tanganyika consume attached algae (Vadeboncoeur 
et al. 2011), and algivore densities are declining relative to 
other trophic guilds (Takeuchi et al. 2010). Our data suggest 
that a temporal decline in algivore condition (this study) 
and densities (McIntyre unpublished data) is occurring in 
the Kigoma region, though the mechanism is unclear. The 
incorporation of sediment into algal biofilms attenuates the 
nutritional value of algae. Algivorous fish must either reduce 
their foraging efficiency to avoid ingesting sediment or incur 
a reduction in digestive efficiency if sediment is consumed 
along with algae (Power 1984b; McIntyre et  al. 2005). 
Although T. brichardi is more tolerant of sediments than 
its congeners (Konings 2015), behavioral data demonstrate 
an inhibitory effect of sediment on its feeding rate (Munubi 
2015). The plasticity of gut length in response to sediment 
deposition in the littoral zone (Fig. 4; Wagner et al. 2009) 
highlights the physiological cost to ingesting sediments. 
The combination of reduced grazer densities and altered 
grazer morphology suggests that sedimentation is altering 
the structure of the ecosystem by limiting the strength of 
algivory, which subsequently leads to higher biomass of 
attached algae (Fig. 5).

It is notable that despite the high inorganic sediment con-
tent of the algal scrubs, algivore densities were high at site 
13. The land around site 13 is well-vegetated with Miombo, 
the native forest. Site 13 is exposed to more waves, winds 
and currents than the other sites. Each afternoon during our 

study wave action increased substantially, and this caused 
colloidal polymers derived from bacteria and phytoplankton 
(marine snow) to precipitate in the water column. Marine 
snow was noticeably more abundant at site 13. We speculate 
that inorganic sediment at site 13 originated from the lake, 
rather than the land, and contained a substantial amount of 
associated phytoplankton detritus. Site 13 was not an outlier 
with respect to the correlation between algivore densities 
and algal quality (Fig. 3b).

Conclusions

Algivorous fish structure tropical marine and freshwater eco-
systems (Power 1984a; Flecker and Taylor 2004; Burkepile 
and Hay 2006) and efficiently shunt algal carbon and nutri-
ents to higher trophic levels (Power 1984a; Cebrian et al. 
2009). The high food quality and rapid turnover of micro-
algae are essential to producing the inverted biomass pyra-
mids typical of high-light, low-nutrient aquatic ecosystems 
(Vadeboncoeur and Power 2017). Algivorous fish densities 
in Lake Tanganyika closely track both algal quality and pro-
ductivity at the local scale, but not at the landscape scale. 
Rather, strong top-down effects of grazing on algal biomass 
and nutrient content were evident across sites. Terrigenous 
sediments appeared to affect fish densities negatively, reduc-
ing the ability of fish to control attached algal biomass. 
Disentangling the direct and indirect effects of algal pro-
ductivity and nutrient content on consumer growth rate and 
densities is the first step to managing these highly produc-
tive, low-nutrient littoral ecosystems. The long-term decline 
in algivores in Lake Tanganyika’s littoral zone (Takeuchi 
et al. 2010) is likely to lead to a shift in littoral zone structure 
in which higher sediment loads lead to greater accumulation 
of algal biomass in rocky habitats.
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