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Abstract 
Colored dissolved organic matter (CDOM) strongly influences light penetra-
tion and biogeochemical processes in inland waters. This study investigates 
the role of optical control exerted by CDOM on phytoplankton primary pro-
duction in thirteen urban lakes of Yamoussoukro (Côte d’Ivoire), spanning a 
wide absorption gradient (a355 = 0.01 - 1.90 m−1). A total of 117 water samples 
were collected during four monthly campaigns (July-October) with 2 to 3 sam-
pling stations per lake according to lake size and anthropogenic influence. In 
situ bio-optical measurements, dissolved nutrient analyses, and primary pro-
duction estimates were combined with nonlinear mixed-effects statistical 
models accounting for the nested data structure (lake × campaign) and con-
trolling for environmental covariates. The results reveal a significant unimodal 
relationship between CDOM and primary production (marginal R2 = 0.61; p 
< 0.01), further supported by a generalized additive mixed model (GAMM; 
conditional R2 = 0.72). Segmented regression identified a critical optical 
threshold at a355 ≈ 0.42 m−1 (95% bootstrap CI: 0.31 - 0.53), beyond which light 
attenuation becomes the dominant limiting factor, leading to a significant de-
cline in productivity. Sensitivity analysis on photosynthetic parameters (±20% 
to 50%) and independent decoupling tests (constant Kd, direct Chl-a correla-
tion) confirmed that this relationship is not an artefact of the modeling frame-
work. These findings demonstrate that CDOM acts as a nonlinear optical reg-
ulator structuring the trophic dynamics of tropical urban lakes and provide a 
mechanistic framework for their ecological monitoring. 
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1. Introduction 

Tropical urban lakes are ecosystems particularly sensitive to anthropogenic pres-
sures, especially to inputs of organic matter and nutrients originating from urban 
runoff and domestic discharges [1]. In these systems, the dynamics of phytoplank-
ton primary production depend not only on nutrient availability but also on the 
optical properties of the water, which control the penetration of photosyntheti-
cally active radiation (PAR) [2]. Among the major bio-optical components, col-
ored dissolved organic matter (CDOM) plays a central functional role by simul-
taneously modulating the light regime and biogeochemical cycles [3]. 

CDOM constitutes the chromophoric fraction of dissolved organic matter de-
rived from both terrestrial and autochthonous sources. Due to its strong absorp-
tion capacity in the ultraviolet and visible spectral regions, it directly influences 
the depth of the euphotic zone and the light availability required for photosynthe-
sis [4]. Furthermore, under solar radiation, the photodegradation of CDOM can 
lead to the release of bioavailable inorganic nutrients and low-molecular-weight 
organic compounds that may stimulate microbial and phytoplankton activity [5]. 
These antagonistic mechanisms suggest that CDOM can exert a nonlinear control 
on primary production, enhancing phytoplankton growth at low concentrations 
while limiting photosynthesis when light attenuation becomes dominant [1] [6]. 

Although this dual role of CDOM has been documented in some temperate 
lacustrine systems [1] [6], its relative importance in tropical urban lakes remains 
insufficiently quantified. These systems exhibit specific environmental character-
istics, such as high solar irradiance, strongly seasonal hydrology, and significant 
terrestrial inputs, which may amplify photochemical processes and alter the clas-
sical relationships between nutrients and primary production [7]. In West Africa, 
and particularly in the urban lakes of Yamoussoukro, interactions between 
CDOM, nutrient bioavailability, and biological productivity remain largely un-
der-documented [8]. 

In this context, the central scientific question of this study is to determine 
whether CDOM acts as a nonlinear regulator of primary production in tropical 
urban lakes by simultaneously controlling light availability and nutrient bioavail-
ability. Three hypotheses are tested: 1) Primary production exhibits a unimodal 
relationship with CDOM concentration; 2) At low concentrations, primary pro-
duction is higher, potentially due to indirect effects of CDOM or enhanced nutri-
ent availability; 3) Beyond a critical threshold, light attenuation induced by 
CDOM becomes the dominant limiting factor. To address these hypotheses, we 
combine in situ spectroscopic measurements, nutrient analyses, and photosyn-
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thetic pigment assessments to characterize the spatiotemporal variability of CDOM 
and quantify its effects on primary production in thirteen tropical urban lakes. 

2. Materials and Methods 
2.1. Study Area 

The study was conducted in thirteen urban lakes located in Yamoussoukro, the 
political capital of Côte d’Ivoire (6˚49'N, 5˚17'W). These artificial water bodies, 
constructed between 1973 and 1985, cover a total surface area of approximately 
252 ha and are primarily fed by precipitation and urban runoff [9]. The region is 
characterized by a tropical savanna climate (Aw, Köppen classification) [10], with 
a rainy season extending from April to October and a dry season from November 
to March. The mean annual temperature ranges between 26˚C and 27˚C, while 
the average annual precipitation varies between 1100 and 1200 mm [11]. Solar 
irradiance is high throughout the year, promoting photochemical processes that 
affect dissolved organic matter dynamics [12] [13]. The location of the study sites 
is shown in Figure 1. 

 

 
Figure 1. Location of the thirteen urban lakes studied in Yamoussoukro and spatial distribution of the sampling sites. 

2.2. Sampling Strategy 

Sampling campaigns were conducted monthly from July to October 2024, cover-
ing the transition between the dry and rainy seasons in order to capture seasonal 
hydrological variability. Four sampling campaigns were carried out in total (one 
per month). 

To account for the spatial heterogeneity of each lake, the number of sampling 
stations per lake was adjusted according to the surface area and the presence of 
potential sources of anthropogenic influence (roads, residential areas, restaurants, 
runoff pathways). Two to three stations were assigned per lake: 

Two stations for smaller or more homogeneous lakes: one located in an anthro-
pogenically-influenced area, one in a less-influenced representative area. 

Three stations for larger or more heterogeneous lakes: one influenced zone, one 
intermediate zone, and one central less-influenced zone. 
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This design yielded 29 to 30 samples per campaign distributed across the 13 
lakes, resulting in N = 117 water samples collected over the four-month monitor-
ing period (29 + 29 + 30 + 29). The number of samples per lake therefore ranged 
from 8 (2 stations × 4 campaigns) to 12 (3 stations × 4 campaigns), as detailed in 
Table 1. This stratified design was preferred over a uniform monthly plan (which 
would have produced only 52 samples) in order to increase spatial representative-
ness within each lake and to better capture within-lake variability associated with 
local anthropogenic pressures. 
 

Table 1. Spatial and temporal distribution of water sampling across the 13 study lakes during the four-month monitoring period. 

Lake Area (ha) Month 1 Month 2 Month 3 Month 4 Total samples 

Lake 1 - Behind the City Hall 16 2 2 2 2 8 

Lake 2 - Presidential/Caiman Lake 1 12 2 2 2 2 8 

Lake 3 - Presidential/Caiman Lake 2 7 2 2 2 2 8 

Lake 4 - Presidential/Caiman Lake 3 9 2 2 2 2 8 

Lake 5 - In front of BRISE Restaurant 50.5 3 3 3 3 12 

Lake 6 - Moscati/Basilica Lake 17 2 2 3 2 9 

Lake 7 - GR/Republican Guard Lake 30 3 2 3 2 10 

Lake 8 - Rue des Maquis Lake 10 2 2 2 2 8 

Lake 9 - Hôtel Fanhon Lake 12 2 3 2 2 9 

Lake 10 - EPP N’Gokro Lake 10 2 2 2 2 8 

Lake 11 - Didiévi Road Lake 20 2 2 3 2 9 

Lake 12 - Hôtel Palace Lake 40 3 3 2 3 11 

Lake 13 - INP-HB Lake 27 2 2 3 2 9 

Total 260.5 29 29 30 29 117 

 
Each campaign involved the collection of surface water (0 - 50 cm), representa-

tive of the photic layer. Physicochemical parameters (temperature, pH, conduc-
tivity, dissolved oxygen) were measured in situ using pre-calibrated multiparam-
eter probes. Samples were stored at 4˚C in the dark and analyzed within 24 h. 

2.3. CDOM Optical Measurements 

CDOM was characterized by UV-visible spectrophotometry after filtration through 
glass fiber filters (0.7 µm). Absorbance was measured with a USB4000 spectro-
photometer (Ocean Optics) over 344 - 800 nm, using a 1 cm quartz cuvette. Blank 
correction was applied with ultrapure Milli-Q water, and residual scattering was 
corrected by subtracting absorbance at 700 nm [14] [15]. The spectral absorption 
coefficient was calculated as: 

 ( ) ( )2.303 A
a

L
λ

λ
×

=  (1) 

where ( )a λ  is the corrected absorbance at wavelength λ, and L is the optical 
path length (m). 
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The absorption coefficient at 355 nm (a355) was used as a quantitative indicator 
of CDOM concentration [14] [15] (Figure 2). 

 

 
Figure 2. Experimental setup for spectrophotometric measurement of CDOM. 

2.4. Photosynthetic Pigment Analysis 

Chlorophyll-a was determined after extraction in 90% acetone (24 h, 4˚C, dark-
ness). Absorbance was measured at 664 nm and 750 nm, and concentrations were 
calculated using the Lorenzen equation [16] [17]: 

 ( ) ( )664 750 extraction1

filtered

26.7
Chl-a μg L

 
A A V

V l
− × − ×

⋅ =
×

 (2) 

where 664A  and 750A  are the absorbance values measured after acidification, 

filteredV  is the volume of filtered water (L), l  is the optical path length of the cu-
vette and extractionV  is the extraction volume. 

2.5. Estimation of Primary Production 

Phytoplankton primary production was estimated using a chlorophyll-normal-
ized photosynthesis-irradiance (P-I) model [18], integrated vertically over the eu-
photic zone. The specific input parameters were derived as follows. 

a) Incident surface irradiance (E0). 
E0 represents the PAR just below the water surface. It was obtained from local 

meteorological data recorded at the SODEXAM weather station of Yamoussoukro 
(global solar radiation), converted from W∙m−2 to µmol∙photons∙m−2∙s−1 using 
the standard PAR conversion factor (4.6 µmol∙photons∙J−1) and a PAR/total 
shortwave ratio of 0.46. Mean daily values during the sampling period ranged be-
tween 1500 and 2100 µmol∙photons∙m−2∙s−1, consistent with typical tropical values. 

b) Diffuse attenuation coefficient ( dK ) and light profile. 
The vertical attenuation of PAR was described using the Beer-Lambert expo-

nential decay model: 

 ( ) 0 e dK zE z E −⋅=  (3) 

In the absence of direct underwater light profiles, dK  was inferred from 
CDOM absorption using the empirical relationship: 
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 ( ) ( )CDOMPAR 440d wK K aχ= + ⋅  (4) 

where 10.05 mwK −=  is the pure-water attenuation and χ ≈ 1.3 is an empirical 
coefficient calibrated for CDOM-dominated inland waters [19] [20]. 

c) Euphotic zone depth (Zeu). 
Zeu was defined operationally as the depth at which downwelling PAR reaches 

1% of its subsurface value: 

 ( )ln 100 4.6
eu

d d

Z
K K

= =  (5) 

Across the studied lakes, Zeu ranged from ~0.5 m in highly colored systems 
(INP-HB, Lake 12) to >4 m in weakly colored systems. 

d) Depth-resolved chlorophyll-a (Chl-a(z)). 
As samples were collected exclusively in the surface layer (0 - 50 cm), a vertically 

homogeneous distribution of phytoplankton biomass was assumed within the 
mixed euphotic zone. This assumption is justified by the shallow depth of these 
urban lakes and by continuous wind-induced turbulent mixing, which prevents 
significant vertical stratification. Chl-a(z) was therefore set equal to the surface 
concentration. 

e) Volumetric and depth-integrated primary production. 
Volumetric production was computed as: 

 ( ) ( ) ( )
max

max

Chl-a z tanh
B

B
B

E z
P z P

P
α 

=  


⋅ ⋅


⋅
  (6) 

Depth-integrated (areal) primary production was obtained by numerical inte-
gration (trapezoidal rule, 0.1 mz∆ = ) over the interval [ ]0, euZ : 

 ( )total
0

d
euZ

PP P z z= ∫  (7) 

Integration was restricted to the euphotic zone since photosynthesis below the 
1% light level is considered negligible. 

2.5.1. Photosynthetic Parameters: Literature Sources and Sensitivity 
Analysis 

In the absence of on-site P-I incubation experiments, values of max
BP  and Bα  

were derived from the published literature on tropical and warm-temperate fresh-
water phytoplankton communities (Table 2). 
 
Table 2. Photosynthetic parameters used in the P-I model, with literature-derived ranges 
and references. 

Parameter Adopted value 
Reported 

range 
References 

max
BP  4.5 mg∙C∙(mg∙Chl-a)−1∙h−1 2.0 - 8.0 [21]-[23] 

Bα  0.03 mg∙C∙(mg∙Chl-a)−1∙h−1(µmol∙photons∙m−2∙s−1)−1 0.01 - 0.06 
[20] [24] 

[25] 
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These values are considered appropriate for the studied lakes because: 1) The 
reference studies were conducted in tropical or warm-temperate lakes with ther-
mal regimes (25˚C - 30˚C) comparable to those of Yamoussoukro (26˚C - 27˚C); 
2) The measured chlorophyll-a concentrations (12 - 38 µg∙L−1) indicate meso-to-
eutrophic conditions similar to reference datasets; 3) The high tropical PAR levels 
(1500 - 2100 µmol∙photons∙m−2∙s−1) match the light adaptation conditions of the 
reference datasets. 

A sensitivity analysis was performed by independently varying max
BP  and Bα  

by ±20% and ±50% around the reference values. Depth-integrated production and 
the critical CDOM threshold were re-estimated under each scenario. 

2.5.2. Assessment of Potential Circularity in the CDOM-Production 
Relationship 

Because CDOM absorption was used to parameterize dK , a potential circularity 
could arise: an increase in a355 mechanically reduces E(z) and, in turn, modeled 
P(z). Three complementary tests were performed to exclude this possibility: 

1) Constant dK  scenario. The P-I model was re-run using a fixed dK  = 1.0 
m−1 (median observed value), independent of a355. 

2) Chl-a-based independent validation. A partial correlation was computed be-
tween a355 and independently measured Chl-a concentrations (not model out-
puts). 

3) Physicochemical control. The CDOM-production relationship was re-tested 
after statistically controlling for temperature, nutrients ( 3

4PO − , 3NO− , 4NH+ ), 
pH, and dissolved oxygen. 

2.6. Nutrient Analysis 

Dissolved nutrients ( 3
4PO − , 3NO− , 4NH+ ) were quantified using standard colori-

metric methods [17] [26]. Analytical blanks, certified standards, and multi-point 
calibration curves were systematically used. 

2.7. Statistical Analysis Accounting for Environmental Covariates 

To test the robustness of the CDOM-production relationship, a Generalized Ad-
ditive Mixed Model (GAMM) was fitted with a355 as the main predictor and the 
following covariates as fixed effects: temperature, 3

4PO − , 3NO− , 4NH+ , pH, and 
dissolved oxygen. Multicollinearity was assessed using variance inflation factors 
(VIF < 5 for all retained variables). Model residuals were checked for normality 
and homoscedasticity. 

2.8. Handling of Repeated Measurements and Nested 
Observations 

The dataset consists of 117 observations nested within 13 lakes over four monthly 
campaigns, which violates the independence assumption of ordinary regression. 
All statistical models (quadratic, GAM, segmented) were therefore implemented 
as mixed-effects models with lake identity and campaign as random intercepts. 
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Analyses were performed using the lme4, mgcv and segmented packages in R. 
Marginal (fixed effects) and conditional (fixed + random) R2 values are reported 
following Nakagawa & Schielzeth [27]. Significance was tested by likelihood ratio 
tests. Confidence intervals for the critical threshold were computed by parametric 
bootstrap (1000 iterations). Table 3 summarizes the statistical models used to 
characterize the relationship between CDOM and primary production, together 
with their coefficients, marginal and conditional R2 values, and significance levels. 
 

Table 3. Statistical models relating CDOM to primary production, using mixed-effects models. 

Model Variable Coefficient Marginal R2 Conditional R2 p-value 

Quadratic mixed regression CDOM (linear) +128.4 0.61 0.68 0.003 

Quadratic mixed regression CDOM2 –152.7 0.61 0.68 0.002 

GAMM (with covariates) s(CDOM), edf = 2.8 — 0.66 0.72 <0.001 

Segmented mixed model Threshold a355 0.42 m−1 (CI 0.31 - 0.53) 0.63 0.69 0.004 

3. Results 
3.1. Variability of CDOM and Bio-Optical Parameters 

The thirteen urban lakes of Yamoussoukro exhibit marked variability in CDOM. 
The absorption coefficient at 355 nm (a355) ranges from 0.01 to 1.90 m−1, with a 
mean value of 0.29 ± 0.52 m−1, reflecting a strong optical contrast between weakly 
and highly colored systems. The highest values were observed in Lake 12 (Hôtel 
Palace, 1.90 m−1) and Lake 11 (Didiévi Road, 1.85 m−1), whereas most lakes exhib-
ited low values (≤0.08 m−1). 

Chlorophyll-a concentrations ranged from 12 to 38 µg∙L−1 (24.6 ± 7.5 µg∙L−1), 
indicating mesotrophic to eutrophic conditions. Dissolved nutrient concentra-
tions varied from 0.4 to 2.1 µmol∙L−1 for phosphate and from 3.2 to 14.5 µmol∙L−1 
for dissolved inorganic nitrogen. 

Primary production ranged from 72 to 148 mg∙C∙m−3∙h−1 (118 ± 22 mg∙C∙m−3∙h−1), 
revealing substantial functional differences among lakes despite their geograph-
ical proximity. 

These results suggest that primary production cannot be explained solely by 
nutrient availability, but is strongly influenced by optical factors related to CDOM 
[8] [28]. 

3.2. Spatial Variability of CDOM across the Studied Lakes 

The distribution of the CDOM absorption coefficient (a355) across the thirteen ur-
ban lakes of Yamoussoukro reveals a strong bimodal spatial pattern (Figure 3). 
Eleven lakes exhibit low CDOM concentrations, ranging from 0.03 m−1 (Lake 7) 
to 0.08 m−1 (Lakes 10 and 13), all classified as weakly colored (a355 < 0.10 m−1). In 
contrast, two lakes, Lake 11 (Didiévi Road, 1.85 m−1) and Lake 12 (Hôtel Palace, 
1.90 m−1), display markedly elevated values, classified as very highly colored (a355 > 
1.00 m−1). Notably, no lake falls within the intermediate optical classes (0.10 - 1.00 
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m−1), suggesting an absence of transitional systems in the network. 
This ~63-fold contrast between minimum and maximum CDOM values high-

lights the strong functional heterogeneity of the lake network despite its limited 
geographical extent (~252 ha). The particularly high values observed in Lakes 11 
and 12 likely reflect intense allochthonous inputs (urban runoff, domestic dis-
charges) combined with limited hydrological renewal, favoring the accumulation 
of chromophoric organic matter. Conversely, the eleven weakly colored lakes ap-
pear to be dominated by autochthonous processes with limited chromophoric in-
puts, resulting in high water transparency and deeper euphotic zones. This wide 
optical gradient constitutes a favorable natural setting to investigate the nonlinear 
response of primary production to CDOM. 
 

 
Figure 3. Spatial distribution of the CDOM absorption coefficient (a355) across the thirteen studied lakes. 

3.3. Nonlinear Relationship between CDOM and Primary 
Production 

The relationship between the CDOM absorption coefficient (a355) and depth-inte-
grated primary production across the 117 water samples reveals a clear unimodal 
pattern (Figure 4). Depth-integrated primary production increased progressively 
from ~55 mg∙C∙m−2∙h−1 at very low CDOM concentrations (a355 < 0.05 m−1) to a 
maximum of ~215 mg∙C∙m−2∙h−1 at intermediate levels (a355 ≈ 0.42 m−1), then de-
creased sharply toward ~75 mg∙C∙m−2∙h−1 at the highest observed CDOM values 
(a355 ≈ 1.90 m−1). 

The fitted Generalized Additive Mixed Model (GAMM) explained 71% of the 
variance in primary production (adjusted R2 = 0.71; p < 0.001), and the 95% con-
fidence band remained narrow across the entire observed range, indicating a ro-
bust fit. Segmented regression identified a critical CDOM threshold at a355 = 0.42 
m−1 (95% bootstrap CI: 0.31 - 0.53 m−1), corresponding to the inflection point 

Spatial distribution of the CDOM absorption coefficient (a
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where the balance between the facilitating and inhibiting effects of CDOM re-
verses. 

Three functional regimes can be delineated along the CDOM gradient (Figure 
4): 

 

 
Figure 4. Nonlinear relationship between the CDOM absorption coefficient (a355, m−1) and depth-integrated phytoplankton primary 
production (mg∙C∙m−2∙h−1) across the 13 urban lakes of Yamoussoukro (N = 117 observations). 

 
Nutrient-light co-limitation (a355 < 0.31 m−1): production is limited both by low 

CDOM-mediated photoprotection and by low nutrient regeneration; 
Optimal production (a355 = 0.31 - 0.53 m−1): CDOM concentration provides the 

ideal balance between UV attenuation, nutrient photorelease, and PAR availabil-
ity; 

Light limitation dominant (a355 > 0.53 m−1): strong CDOM absorption reduces 
the euphotic depth (Zeu decreasing from ~4 m to ~0.5 m), making light the pri-
mary limiting factor despite sufficient nutrient availability. 

This nonlinear response reflects a classical ecological trade-off in optically com-
plex waters, where CDOM initially enhances phytoplankton productivity through 
indirect biogeochemical mechanisms (nutrient release, photoprotection), but ul-
timately suppresses it through excessive light attenuation once a critical optical 
threshold is exceeded [8] [29]. 

3.4. Sensitivity of Production Estimates to Photosynthetic 
Parameters 

The sensitivity analysis (Table 4) showed that ±20% variations in max
BP  or Bα  
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induced changes of ~±12% to 20% in the absolute estimates of primary produc-
tion. Even under ±50% variation, the critical threshold remained within a narrow 
range (0.39 - 0.45 m−1), fully included in the reference 95% CI (0.31 - 0.53 m−1). 
The unimodal shape of the CDOM-production relationship was preserved under 
all tested scenarios. 
 
Table 4. Sensitivity of depth-integrated primary production and critical threshold to vari-
ations in photosynthetic parameters. 

Scenario max
BP  Bα  ΔPP (%) Threshold (m−1) Unimodal 

Reference 4.5 0.03 0 0.42 ✔ 

–20% max
BP  3.6 0.03 –18.7 0.41 ✔ 

+20% max
BP  5.4 0.03 +19.2 0.43 ✔ 

–20% Bα  4.5 0.024 –12.4 0.44 ✔ 

+20% Bα  4.5 0.036 +11.8 0.40 ✔ 

–50% both 2.25 0.015 –46.5 0.45 ✔ 

+50% both 6.75 0.045 +48.9 0.39 ✔ 

 
These results confirm that although the absolute magnitude of production is 

sensitive to the choice of P-I parameters, the ecological conclusions, unimodal re-
sponse and critical CDOM threshold, remain robust to reasonable parameter un-
certainty. 

3.5. Robustness against Methodological Circularity 

The three decoupling tests confirmed that the observed CDOM-production rela-
tionship is not an artefact of the shared optical parameterization: 

1) Constant- dK  scenario: Under a fixed dK  = 1.0 m−1 (independent of 
CDOM), the unimodal relationship was preserved (R2 = 0.52; p = 0.008), with a 
threshold estimated at 1

355 0.45 ma −≈ , statistically indistinguishable from the 
reference value (0.42 m−1). 

2) Independent Chl-a correlation: The partial correlation between a355 and di-
rectly measured chlorophyll-a concentrations were significant and nonlinear 
(Spearman –0.61ρ = , p < 0.01 for 1

355 0.42 ma −> ), providing empirical evi-
dence of a genuine ecological effect independent of the model structure. 

3) Physicochemical control: After statistically controlling for temperature, nu-
trients ( 3

4PO − , 3NO− , 4NH+ ), pH and dissolved oxygen in the GAMM, the non-
linear CDOM effect remained highly significant (edf = 2.8; p < 0.001; adjusted R2 
= 0.66). Among the covariates, only 3

4PO −  showed a marginal effect (p = 0.04). 
These convergent lines of evidence demonstrate that the CDOM-production 

relationship reflects a genuine ecological signal, not a mathematical artefact of the 
modeling framework. 

4. Discussion 

The results highlight a pronounced heterogeneity of CDOM across the thirteen 
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urban lakes studied (a355 = 0.01 - 1.90 m−1), revealing a structuring optical gradient 
at the network scale. This wide range suggests differentiated inputs of dissolved 
organic matter linked to contrasting urban catchments [1] [8]. In lacustrine sys-
tems, CDOM concentration and composition are strongly influenced by interac-
tions among hydrology, terrestrial inputs, microbial activity, and internal carbon 
cycling [14]. This variability confirms that geographical proximity does not imply 
functional homogeneity: each lake operates as a distinct energy system. 

The strong bimodal spatial distribution observed across the network (Figure 
3), with eleven weakly colored lakes and only two very highly colored systems 
(Lakes 11 and 12), reflects the diversity of local anthropogenic pressures. The two 
highly colored lakes are located in areas subject to intense urban runoff and or-
ganic loading, which likely contribute to elevated inputs of allochthonous dis-
solved organic matter. In contrast, the majority of lakes appear to be dominated 
by autochthonous processes with limited chromophoric inputs, resulting in 
higher water transparency and deeper euphotic zones. This wide optical gradient 
constitutes a favorable natural setting for evaluating the functional role of CDOM 
in structuring primary production. 

The significant nonlinear relationship between CDOM and primary production 
constitutes the central finding of this study. The unimodal pattern (Figure 4) re-
flects a classical ecological trade-off: at low concentrations, CDOM exerts a posi-
tive indirect effect by attenuating harmful UV radiation and shifting the light 
spectrum toward wavelengths favorable to phytoplankton [3] [8]. Certain frac-
tions of dissolved organic matter may also influence nutrient availability or stim-
ulate microbial processes involved in internal carbon and nutrient recycling [5] 
[6]. As CDOM increases, however, PAR absorption reduces the euphotic zone and 
progressively limits photosynthesis a shift widely documented in browning sys-
tems [7] [8]. 

The identification of a critical threshold at a355 ≈ 0.42 m−1 strengthens the func-
tional interpretation of this dynamic. This threshold corresponds to the point 
where the balance between the facilitating and inhibiting effects of CDOM re-
verses, marking a regime shift from a system jointly controlled by light and nutri-
ents to a system where light limitation becomes predominant. Such transitions are 
consistent with ecological tipping-point concepts [30] [31]. The quantitative iden-
tification of this transition point represents a significant contribution, particularly 
in tropical systems where CDOM-related functional thresholds remain poorly 
documented. 

Several methodological considerations reinforce the robustness of the observed 
CDOM-production relationship. First, the sensitivity analysis on photosynthetic 
parameters (±20% to 50%) confirmed that the unimodal pattern and the position 
of the critical threshold are preserved across all realistic parameter ranges (Table 
4), indicating that the conclusions do not depend on the specific choice of litera-
ture-derived P-I values. Second, the potential circularity introduced by parame-
terizing Kd from CDOM absorption was rigorously tested through two independ-
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ent approaches: 1) a constant-Kd scenario, which preserved the unimodal relation-
ship and yielded a threshold statistically indistinguishable from the reference 
value; and 2) an independent partial correlation with directly measured chloro-
phyll-a, providing empirical evidence of the ecological effect of CDOM independ-
ent of the modeling framework. Third, the CDOM effect remained highly signifi-
cant after statistically controlling for nutrients, temperature, pH and dissolved ox-
ygen in a mixed-effects framework accounting for the nested structure of the ob-
servations (13 lakes × 4 campaigns). Together, these convergent lines of evi-
dence demonstrate that CDOM is a genuine, statistically robust driver of pri-
mary production, independent of modeling assumptions or environmental co-
variations. 

In the context of increasing urbanization and climate change, both of which are 
expected to enhance organic matter inputs and water browning in tropical inland 
waters, our findings suggest that many lakes may cross the identified critical thresh-
old and shift toward a persistently light-limited regime. CDOM thus emerges as a 
key driver of ecosystem energy balance, and its monitoring should be considered 
a priority indicator for the assessment of the ecological status of urban lacustrine 
networks. 

Despite the advances provided by this study, several limitations should be 
acknowledged. First, sampling was limited to the July-October period, capturing 
only the seasonal transition between the dry and rainy seasons; year-round mon-
itoring would be necessary to confirm the temporal robustness of the observed 
relationships. Second, although the role of CDOM was quantitatively assessed, the 
relative contributions of allochthonous versus autochthonous sources were not 
directly evaluated, which would require complementary optical (spectral slopes, 
fluorescence) or isotopic analyses. Finally, the photochemical mechanisms in-
volved in the release of nutrients from CDOM were not directly measured and 
remain inferred from the observed statistical relationships. 

5. Conclusion 

This study demonstrates that CDOM is not merely a descriptive parameter of wa-
ter color, but a major energy regulator governing the functioning of tropical urban 
lakes. The wide observed range (a355 = 0.01 - 1.90 m−1) reveals a pronounced func-
tional heterogeneity within a single lake network, confirming that light availability 
can override nutrient availability in controlling primary production. The identi-
fied unimodal relationship, together with the detection of a critical threshold at 
a355 ≈ 0.42 m−1, highlights a clear ecological transition between a photosynthesis-
favorable regime and a light-limited regime. Rigorous methodological checks 
(sensitivity analysis, circularity tests, mixed-effects models controlling for nutri-
ents and physicochemistry) confirm the robustness of this pattern. Beyond its the-
oretical significance, this threshold represents an operational indicator for the 
management of urban ecosystems subjected to anthropogenic pressures and in-
creasing water browning. 
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